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PREFACE TO THE STUDENT 


This Study Guide is written to accompany Dynamics, 3e, Pytel and Kiusalaas, 2010. The 
sole purpose of this Study Guide is to help you master the fundamentals of engineering 


dynamics as presented in Chapters 11—18 in the textbook. This Study Guide is intended to 
supplement the textbook, not replace it. 


There are twenty-nine lessons, with each lesson devoted to a particular reading assign- 
ment in your textbook. Numerical methods and optional topics are not included. 


Each lesson contains the following two parts: 
A. SELF-TEST 


The Self-Tests review and reinforce the fundamental principles 
presented in the reading assignment in your textbook. You 
should take each Self-Test immediately after you have completed 
the assigned reading, and before solving the Guided Problems 
contained in the lesson. The answers to the Self-Tests are given 
in Appendix A. 


B. GUIDED PROBLEMS 


The Guided Problems give you the opportunity to work through 
the solution of one or more problems before you attempt to solve 
the homework problems. As the name suggests, the unique 
feature is that you are “guided” through the solutions of a 
representative problems. Working through the “fill-in-the- 
blanks” format for the solutions will help prepare you to solve 
the homework problems. The solution to each Guided Problem 
is presented in Appendix B. 


A WORD ON NOTATION 


The notations used in the lessons follow the conventions used in the textbook: (1) scalars 
are written as italicized English or Greek letters (such as ¢ for time and 6 for an angle); 
(2) vectors are written as bold-faced letters (such as F for force); and (3) the magnitude of 
a vector A is denoted by |A| or simply as 4. In our hand-written solutions in Appendix B, 
we use an arrow above a symbol to indicate that the symbol represents a vector quantity. 
For example, A (handwritten) refers to the vector A. Of course, you should use the 
notation for vectors with which you are comfortable. However, it is important that you 
clearly, and consistently, indicate the symbols that represent vector quantities. 
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Lesson 1 Introduction to Dynamics 


Text Reference: Chapter 11 


Note: This lesson contains only a Self-Test; there are no Guided Problems. 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. 


A body with negligible dimensions is referred to asa __ 
A body that undergoes negligible deformation is referred to as a 


The branch of dynamics that studies the geometry of motion, without considering 


the forces that cause the motion, is called 


The branch of dynamics that relates the forces to the motion is called 


Motion that is described with respect to a fixed coordinate system is known as 
(a) motion. Motion that is described with respect to a moving 


coordinate system is known as (b) motion. 


List the three main methods of kinetic analysis: 


. 
> > 


A vector A is a function of a scalar parameter f: A(‘). Write the expressions for the 


following: 
(a) the magnitude of the derivative of A with respect to f: 
(b) the derivative of the magnitude of A with respect to ¢: 


The vector drawn from a fixed origin to a moving point is called the 


of the point. 


(continued) 


10. 


11. 


12. 


13. 


Using r(t) as the position vector of a particle (¢ is time), write the definition for: 
(a) the velocity v(f) of the particle in terms of its position vector r(f): 
Vee 
(b) the acceleration a(f) of the particle in terms of its velocity v(2): 
a(t) = 
(c) the acceleration a(f) of the particle in terms of its position vector r: 
a(t) = 


During a certain time interval Af, a particle moves from point A to point B. The 
vector drawn from A to B is called the of the particle 


during the time interval. 


(a) The velocity vector is always tangent to the path of a particle. (T or F) 


(b) The acceleration vector is always tangent to the path of a particle. (T or F) 


How is the speed of a particle related to its velocity? 


What is the dimension of the unit “pounds per square inch”? 


Lesson 2 Kinematics: Rectangular Coordinates 


Text Reference: Articles 12.1 and 12.2; Sample Problems 12.1-12.4 


A. SELF-TEST (To be done afier assigned reading has been completed ) 


1. A particle moves in a fixed rectangular reference frame. Fill in the missing terms 
in each of the following vector expressions, where x, y, and z are time-dependent 
rectangular coordinates of the particle: 

(a) Position vector of the particle: 

r=xi+ + 
(b) Velocity vector of the particle: 

V=v,i+ = =xX1i+ 7 
(c) Acceleration vector of the particle: 


a=a,i+ ae =Xi+ 1 


2. What is meant by coplanar motion of a particle? 


3. What is meant by rectilinear motion of a particle? 


4. A particle is undergoing motion in the yz-plane. If you were going to use the 


equations listed in Question 1 above, what modifications would you make? 


5. A particle is undergoing motion along the z-axis. If you were going to use the 


equations listed in Question | above, what modifications would you make? 


6. A particle is moving along a straight line. State the condition for which the distance 


traveled by the particle will be larger than the magnitude of its displacement. 


B. GUIDED PROBLEMS 
Note: The solutions to the Guided Problems are given at the end of the Study Guide. 


PROBLEM 2.1 


The position of a particle that is moving along a horizontal x-axis is given by 
wer ol in. (x is positive to the right). Calculate the following for the time 
interval from t =0 to f=4 s: (a) the displacement of the particle; and (b) the total 


distance traveled by the particle. 


a. Comments and Analysis 

e The displacement of the particle is the vector drawn from the initial position of the 
particle to its fmal position. 

e Steps that we will use to calculate the displacement of the particle: 

(1) Find the initial position of the particle. 
(2) Find the final position of the particle. 
(3) Determine the displacement vector. 

e Ifthe motion of the particle does not reverse direction, the magnitude of the 
displacement vector will equal the total distance traveled. However, if the direction 
of the motion reverses, the total distance traveled will be larger than the magnitude of 
the displacement vector. Note that the velocity cannot reverse unless the particle 
comes to rest, that is, unless the velocity is zero. 

e Steps that we will use to calculate the total distance traveled: 

(4) Determine if and when the velocity is zero. If the velocity is zero, locate the 
particle at the time(s) when the velocity is zero. (There may be more than 
one such time.) 


(5) Sketch the path of the particle and calculate the total distance traveled. 


(continued) 


b. Guided Solution 
Part (a) 


(1) Find the initial position of the particle. 


Using the given value for x(¢), calculate the initial position of the particle. 


ait ha 


(2) Find the final position of the particle. 


Using the given value for x(f), calculate final position of the particle. 


nae = 


(3) Determine the displacement vector. 
On the axes below, place dots at the two points found above. 


On the axes below, sketch the displacement vector and label it as Ar. 


Write the displacement vector using i for the unit vector. 
Ar = Ans, 


(continued) 


Part (b) 
(4) Determine if and when the velocity is zero. 


Using the given value for x(f), derive the expression for the velocity. 


vity= 


In the box below, calculate the time(s) when the velocity is zero. 


In the box below, find the value of x for the time(s) when velocity is zero. 


a 


(5) Sketch the path of the particle and calculate the total distance traveled. 
On the axes below, place dots at the locations that have been found: the initial 


position, the final position and the position(s) when the velocity is zero. 


On the axes above, sketch the path of the particle and calculate the total distance 


traveled. 


Total distance traveled = Ans. 


PROBLEM 2.2 
A projectile is fired at point O and follows the parabolic path shown. The coordinates of 
the projectile as functions of time ¢ in seconds are given by 

x=103.9¢ in. and y=-16.1t? + 60f in. 


Determine: (a) the rectangular components of the velocity and acceleration vectors; 
(b) the magnitude vp and direction 6 of the initial velocity vector; (c) the maximum 


height h; and (d) the range R. 


a. Comments and Analysis 

e Because the rectangular coordinates as functions of time are given, straight-forward 
differentiation will determine the velocity and acceleration of the projectile. 

e The initial velocity vector, maximum height and range can then be computed from the 


various kinematic variables. 


b. Guided Solution 


Part (a) Determine the rectangular components of velocity and acceleration vectors. 


Using the given expressions for x(t) and y(¢), compute v, and v,,. 


= ~ Ans. 


Vee 


= Ans. 
Ly 


Part (b) Determine the magnitude vy and direction @ of the initial velocity vector. 


Compute v, and v,at t= 0. 


Vx|,20 - Vir=0 


(continued) 


In the box below, sketch the initial velocity vector and determine vo and 0. 


VQ eee ee ER Ans. 


9S. = Ss ADS, 


Part (c) Determine the maximum height h. 


In the box below, calculate the time that the maximum height occurs by solving for the 


time when v, = 0. (Label that time as ¢ .) 


Calculate h: 
h= Ans. 


Part (d) Determine the range R. 


In the box below, calculate the time when the projectile hits the plane at point A by 


solving for the time when y = 0. (Label that time as fy .) 


[> = 


Calculate R: 
R= Ans. 


A.l 


Lesson 3 Dynamics of Rectilinear Motion: 


Force-Mass-Acceleration Method 


Text Reference: Articles 12.3 and 12.4; Sample Problems 12.5—12.8 


SELF-TEST (To be done after assigned reading has been completed.) 


The method of analysis that uses Newton’s laws of motion to relate the forces to the 


acceleration of a particle is called the method. 


How would you describe the free-body-diagram of a particle to a student who had 
never heard of a free-body diagram? 


The free-body diagram of a particle is a sketch of the particle showing 


At a certain instant of time, a particle of mass m is moving with the velocity v and 
acceleration a. Write the expression for the inertia vector of the particle at that 


instant: 


What is the name of the diagram that displays the inertia vector for a particle? 


At a certain instant, a particle of mass m is undergoing rectilinear motion along the 


x-axis with the velocity v, and the acceleration a,. The equations of motion for the 


particle are: XF, = , IF, = oF = 


A.2 GENERAL COMMENTS 


ib 


To master the FMA method of kinetic analysis you must be able to correctly 
construct free-body diagrams. This would be an excellent time to review this 


technique from your pre-requisite statics course. 


(continued) 


2: 


4, 


To be able to correctly solve many kinetics problems, it is imperative that you 
understand the concept of dry friction. (In the following discussion, we let N be the 
normal force acting between two surfaces.) 

Static friction 


The maximum static friction force that can act between two surfaces at rest is 


Frmax = ltsN , where su, is the coefficient of static friction. The static friction force 


F,, that does act between the two surfaces is always less than, or equal to, 
Fax (Fs < Fmax ). The case where F, = Frax is referred to as impending sliding. 
Kinetic friction 
If there is relative motion between two contact surfaces, the kinetic friction 


force F; is given by Fy, = u,N , where wu; is the coefficient of kinetic friction. 


If the FMA method of kinetic analysis is used to calculate the acceleration of a 
particle in an arbitrary position, the velocity and position of the particle can be 
determined by integration. Integration techniques are discussed in Art. 12.4 in 


your textbook. 


Remember that the FMA method of analysis consists of the following steps: 
Step 1: Draw the FBD 
Step 2: Use kinematics to analyze the acceleration 
Step 3: Sketch the MAD 


Step 4: Write the equations of motion 


B. GUIDED PROBLEMS 


PROBLEM 3.1 

The block on the 30° inclined plane weighs 10 lb. 
The coefficients of static and kinetic friction 
between the block and the plane are 


Ms =0.30and uw, =0.15, respectively. 


(a) If the block is released from rest, compute its 
acceleration. (b) Find the acceleration of the block 


if it is sliding up the plane with a velocity of 6 ft/s. 


a. Comments and Analysis 

e In Part (a), the block is released from rest. Therefore, the first step of the solution 
will be to determine if the block remains at rest. This part of the solution is 
essentially a statics problem, with the steps in the analysis being as follows: assume 
the block remains at rest, compute the required static friction force F, ; and 
subsequently arrive at one of the following two possibilities: (1) Fy S Fmax> in 
which case the block remains at rest; or (2) Fy > Fray» in which case the block 


begins sliding down the plane. If the block slides down the plane, the friction force 


will equal its kinetic value and will be directed opposite to the direction of motion. 


e In Part (b), it is known that the block is sliding up the plane. Therefore, the friction 
force equals its kinetic value and will be directed down the plane. In this problem, 


the magnitude of the velocity is irrelevant because only the direction of the velocity is 


needed. 


(continued) 
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b. Guided Solution 


Part (a) Block released from rest. 


Assume the block remains at rest EBD 
Using the figure at the right, draw the FBD of : 

the block. Label the normal force as N and the > 

static friction force as F,. 4 30° 


Using the above FBD, compute N and fy: 


LF, = 0: 7 = OV igives any 


LF, = 0: aes het lt ad pee aes ade OIC Sabie 
Compute the maximum static friction force: 
Finax = Hs N = ( ) ys 


Compare the magnitudes of Fy and Finax. Is Fs < Finax --- YES or NO ? 


Note: If your solution has been correct to this point, you have determined that the 
block does not remain at rest. 


Knowing the block does not remain at rest, using the figure below, draw the FBD 
and MAD. Label the normal force as N and the kinetic friction force as F;. 


MAD 


(continued) 


Using the above FBD’s, complete the solution to determine the acceleration a of the 


block. 


LF) = 0: 4\ =0 gives N= 


Feet le te Keen 


ieee ee ee gives  @ =) us» Ans. 


Part (b) Block sliding up the plane. 


Using the figure below, draw the FBD and MAD knowing that the velocity of the 
block is directed up the inclined plane. Label the normal force as N and the kinetic 


friction force as F,. Be sure to show the correct direction for F;. 


MAD 


Using the above FBD’s, complete the solution to determine the acceleration a of the 
block. 


=): = 0 ives N= 
bie nen ee enema eee g 


noieeee, = i = Ans. 
LF = ma: jy —________—_— gives a ns 
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PROBLEM 3.2 
At time f = 0, the 1.5-kg block is sliding through 


the position x = 0 with the velocity v9 =6m/s to 


the right. At that instant, the force P = 2¢ N (Cis ee = epee te 

the time in seconds) is applied to slow the block. < 5ike Rez 
Determine the acceleration a, velocity v and Hr= 0.30 [iss 

position x of the block as functions of time. The 


coefficient of kinetic friction between the block 


and the plane is 0.3. 


b. Comments and Analysis 
e The force-mass-acceleration analysis will determine the acceleration of the block as a 
function of time. The velocity and position of the block as functions of time can then 
be found by integration. 
e Steps that we will use to determine the acceleration, velocity and position: 
(1) Draw the FBD and MAD. 
(2) Write the equations of motion and calculate the acceleration of the block. 
(3) Integrate the equation of motion to find v(t) and x(f). 
(4) State the initial conditions and evaluate the constants of integration. 


(5) Write the equations for v(t) and x(f). 


(continued) 
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b. Guided Solution 
(1) Draw the FBD and MAD. 
Using the figure below, draw the FBD and MAD. Label the normal force as N; 


and the friction force as F}. (Note: Using the subscript is intended to avoid 
confusion between the normal force N and the N that indicates newtons, the unit 
of force.) Be sure to show the friction force in the correct direction. Assume that 
the acceleration a is directed to the right. 


(2) Write the equations of motion and calculate the acceleration of the block. 


LF, =0: +] 


gives N, = 


LF, = ma: re 


SIVCSs Anes eee 


(3) Integrate the equation of motion. 


Integrate a(t) to find v(t) using C, as the constant of integration. 


v(t) = 


Integrate v(t) to find x(¢) using C2 as the constant of integration. 


x(t) = 


(continued) 


(4) State the initial conditions and evaluate the constants of integration. 
The initial conditions are: (i) att=0,v= (iyatr=0; x= 
In the box below, apply the initial conditions to find the constants of 


integration. 


The values are C, = C= 


(5) Write the equations for v(t) and x(f). 


VG) = Ans, 


x(t) = Ans. 


Lesson 4 Curvilinear Motion 


Text Reference: Article 12.5; Sample Problems 12.10-12.12 


A.1 SELF-TEST (To be done after assigned reading has been completed.) 


Note: The general forms of the equations of motion written in terms of rectangular 
coordinates are 


ax =, (Vs Vy, Vz, xX, J; Z, 1): ay = (Vx, Vy, Vz, x, J, Z, t)); a; Bye (vx, Vys Vz, x, J; Z, t) 


1. Stated in words, what does it mean to say that the above general equations of motion 


are uncoupled? 


2. Write the uncoupled forms of the above general equations of motion. 


ay, ay — (6 Bi 


3. What mathematical methods must usually be used to solve equations of motion that 


are coupled? 


4. A golf ball is hit from a tee. If air resistance is negligible, are the equations of 


motion for the ball coupled or uncoupled? 


A.2 GENERAL COMMENT 


Question: For a given problem, how can you tell whether the motion is coupled or 


uncoupled? 


Answer: Draw the FBD, then write and examine the equations of motion. 


B. GUIDED PROBLEM 
PROBLEM 4.1 


The small package of mass m is dropped at A 
from an airplane that is flying horizontally at 
an altitude of 400 m with the speed 

vo = 50 m/s. Find (a) the time of flight of the 
package until it hits the ground at B; and 

(b) the horizontal distance d traveled by the 


package. Neglect air resistance. 


a. Comments and Analysis 
e We will use the force-mass-acceleration method to determine the rectangular 
components of acceleration for the package. Integrating these functions will then 
yield the components of velocity and position as functions of time (with four 
constants of integration). The four initial conditions can then be used to evaluate the 
four constants of integration. Thus, the complete description of the motion will have 
been found, and all features of the motion can then be determined. (Note: The fact 
that the problem asks us to find information about the flight of the package does not 
directly affect the method of solution--the primary challenge is to determine the 
- Integration constants.) 
e Steps that will be used to determine the time of flight and the horizontal distance d. 
(1) Draw the FBD and MAD. 
(2) Write the equations of motion for the x- and y-directions and determine the 
acceleration components a, and ay. 
(3) Integrate the equations of motion to determine v,(4), v,(4), x(¢) and y(Z). 
(4) State the initial conditions and evaluate the constants of integration. 
(5) Write the final expressions for v,(d), v,(), x(0) and y(t). 
(6) Determine the time of flight for the package. 
(7) Determine the horizontal distance d traveled by the package. 


(continued) 
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b. Guided Solution 


(1) Draw the FBD and MAD. 
Complete the FBD and MAD on the figure below by labeling each vector. 


(2) Write the equations of motion and determine a, and ay. 
= . + 
DH oe roe ma). ee gives a=. 


LA = may: +| gives a= 

(3) Integrate the equations of motion to determine v,(f), v,(4), x(0) and y(Z). 
Begin with the above values for a, and a,, and identify the constants as 
C, and C> (for the x-direction);C3, and C4 (for the y-direction). 


Vy = Vey 


ee Eee Fe, we pO ee a Wome 


(4) State the initial conditions and evaluate the constants of integration. 
Referring to the problem figure, list the four initial conditions on the motion. 
(Let t = 0 correspond to the time that the package is dropped.) 

hats 0.x = Bet = 0a 
iOS = A ta OAV a 


In the box below, solve for the four constants of integration. 


The values are: C; = ; C= ;C3= >C4= 


(continued) 


1 


(5) Write the final expressions for v,(4), v,(f), x(0) and (4). 


Vy = Vy 


x= ve 


(6) Determine the time of flight. 
In the box below solve for the time of flight (identify the time as f;) 


f= Ans. 
(7) Determine d, the horizontal distance traveled. 


In the box below solve for d. 


d= Ans. 
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Lesson 5 Kinematics: Path (n-t) Coordinates 


Text Reference: Articles 13.1 and 13.2; Sample Problems 13.1—13.4 


A. SELF-TEST (To be done after assigned reading has been completed.) 


Note: The following Self-Test refers only to plane motion using path coordinates. (Path 


coordinates are of limited use in three-dimensional motion.) 


1. Define the path coordinate s: 


2. Identify the terms that appear in the following kinematic equations: 


v=ve, A=Aje,+A,€, Ay =v*/p a, =v 
(a) v: (b) v: 
(c) a: (d) p: 
(€) An: (f) ay: 


3. The base vector e, is normal to the path and is directed toward 


4, The base vector e, is tangent to the path and points in the direction of 


5. Which component of acceleration is due to the change in the magnitude of the 


velocity? 


6. Which component of acceleration is due to the change in the direction of the 


velocity? 


7, Ifthe motion of a particle is rectilinear, which component of acceleration is zero? 


8. Why is it advantageous to use the equation a, ds = v dv in some situations? 


al 


B. GUIDED PROBLEMS 


PROBLEM 5.1 


A particle moves along a circular path of radius R= 15 m. The path length s, measured 


from a fixed reference point on the path, varies as s(t) = 4r? —10r m, where f is the time 
in seconds. Calculate the following at f= 3 s: (a) the magnitude of the velocity vector v; 
(b) the magnitude of the acceleration vector a; and (c) the angular velocity and angular 


acceleration of the radial line. 


a. Comments and Analysis 
e For motion along a circular path of radius R, it is convenient to use path (n-f) 


coordinates, with the kinematic equations being: 


Bi 2 
s=RO v=—=R6 ele a,=— a, ds =vdv 
dt dt R 
b. Guided Solution 
Part (a) 
Using the given expression for s(t), calculate the magnitude of the velocity vector v(t): 
v(t) = 
Evaluate (v);=35= Ans. 
Part (b) 


Using the results of Part (a), calculate the normal component of acceleration at t = 3 s: 


(Qn)t=35 = 


Using the results of Part (a), determine the tangential component of acceleration as a 


function of time: a,;= . Evaluate (a;),=35 = 


Using the above results, compute the magnitude of the acceleration at ¢=3 s: 


(@);=35= Ans. 
Part (c) 
Using the above results, calculate the following: 
Angular velocity: (6),-3.= Ans. 
Angular acceleration: (6 eee Ans. 
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PROBLEM 5.2 


NO porte re et A particle is moving along the curved path shown. As 


fev the particle passes point O, it speed is 10 ft/s and the 
magnitude of its total acceleration is 17 ft/s”. 
The speed v of the particle changes according to (— ks + 8) ft/s”, where s is the distance 
measured along the path from point O and k is a constant. When s = 6 ft, v =— 4 ft/s. 
Determine the radius of curvature of the path at point O. 
b. Comments and Analysis 
e When interested in the radius of curvature of a path, it is convenient to use path (n-f) 


coordinates, with the kinematic equations being: 
v=o a= — pees a, ds =v dv 
e Steps that we will use to determine the radius of curvature of the path at point O: 
(1) Determine v’ as a function of s. (3) Calculate a, at point O. 


(2) Calculate a, at point O. (4) Calculate p at point O. 


b. Guided Solution 


(1) Determine v as a function of s. 


Note: The problem statement reads, “the speed v of the particle changes according to 
(> ks 8) ft/s’. You must recall that the tangential component of acceleration 


equals the time rate of change of the speed, that is a, = (— ks + 8) ft/s”. 
(a) Integrate vdv =a, ds to obtain v(s). Let the constant of integration be C}. 


Jrav = [a, ds = [Cc ks + 8)ds 


(b) Write the two known conditions that relate v to s. 


(i) and (ii) 


(continued) 
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(c) Evaluate the two constants & and C}. 
(i) gives: 
(ii) gives: 
(d) Write the final expression for v'(s). v°(s) = 


(2) Calculate a, at point O. 


The result is a,;= 


(3) Knowing a, and the given value for the magnitude of the total acceleration at O, 


calculate a, at point O. 


The result is a, = 


(4) Calculate p at point O. 


The result is p = Ans. 
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PROBLEM 5.3 


As the pin P moves along the circular slot, v, (the 
horizontal component of its velocity) is constant. 
When P is in the position shown, the magnitude 
of its acceleration is 36 m/s”. Determine the 


magnitude of the velocity of P in this position 


c. Comments and Analysis 

e The solution to this problem combines path coordinates (n-f) and rectangular (x-y) 
coordinates—path coordinates to describe the particle motion on a circular path, and 
rectangular coordinates because the problem states that v, is constant. 

b. Guided Solution 

(a) The problem states that v, is constant. Therefore, what is known about the direction 
of the acceleration of the pin? 

(b) In the order that they are listed, sketch the following on the figure below 

(i) the acceleration vector for the pin (include its magnitude which is given). 


(ii) the normal and tangential components of the acceleration of the pin. 


Question: Why is the acceleration in the figure directed downward instead of upward? 


Answer: 


(c) From the geometry of the above figure, calculate the normal component of 


acceleration. d,= 


(d) Calculate the magnitude of the velocity of P for the position shown. 


Ans. 


2) 


Lesson 6 Kinematics: Polar and Cylindrical Coordinates 


Text Reference: Articles 13.3; Sample Problems 13.5—13.8 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. 


The base vector er in the polar coordinate system is directed away from the origin of 


the xy-coordinate system and is directed along the line. 


The base vector eg in the polar coordinate system is perpendicular to (a) and 


points in the direction of increasing (b) 
The velocity vector described in polar coordinates is v = vrer + Vgeg, where 
(a) Vr= and (b) vg = 


The acceleration vector described in polar coordinates is a = ager + ageg, where 


(a) ar= and (b) ag = 


For the special case where the path of the particle is a circle, the polar coordinate R 


is a constant equal to 


In cylindrical coordinates, the base vectors are ep, eg, and e-. How is e- related to the 


base vectors (i, j, k) of the Cartesian frame? e-. = 
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B. GUIDED PROBLEM 


PROBLEM 6.1 

The plane motion of the particle P described in y 
polar coordinates is R = 0.4° m, = 7/8 rad, 

where f is the time in seconds. When ¢ = 2s, P 
determine the magnitude of (a) the velocity vector; & 

and (b) the acceleration vector. Show each vector 


on a sketch. O is 


a. Comments and Analysis . 
e The solution will involve evaluating the time derivates of the given expressions for R 
and 6 att = 2s. The appropriate values will then be substituted into the relevant 


kinematic equations for particle motion in polar coordinates: 


Veen vy = RO ap=R-RO? a, =RO+2RO 


b. Guided Solution 
Computation of derivatives (Be sure to include the units for each term.) 
(a) Complete the following table that gives the first and second time derivates of the 


polar coordinates. Be sure to include the units for each term. 


R= Os 
R= 6= 
R= ie 


(b) Complete the following table that gives the values of the time derivatives at t= 2 s. 


Riis a 0 125 

Riis = Y oe 

Rl cS 6 DS ms 
(continued) 


af 


Part (a) 
Using the tabulated results, evaluate the polar components of the velocity at t= 2s. 
Hees Vo = RO = 
Compute the magnitude of the velocity vector. 
v= The result is v= Ans. 
On Fig. (a) below, sketch the velocity vector approximately to scale. Indicate and 


calculate the angle between the velocity vector and the radial line. 


Part (b) 
Using the tabulated results, evaluate the polar components of the acceleration at t = 2s. 
Ap = R- RG? = 
dy = RO+2RO = 
Compute the magnitude of the acceleration vector. 
a= Thetesultis a= — Se ans: 
On Fig. (b) above, sketch the acceleration vector approximately to scale. Indicate and 


calculate the angle between the acceleration vector and the radial line. 


c. Concluding Remark 

The problem statement described the motion in terms of polar coordinates. However, 
having solved for the velocity vector, we know the normal and tangential directions—the 
velocity vector is tangent to the path. Therefore, a, and a, could now be found by 


geometry. 
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Lesson 7 Kinetics: Force-Mass-Acceleration Method, 


Curvilinear Coordinates 


Text Reference: Article 13.4; Sample Problems 13.9-13.12 


A.1 SELF-TEST (To be done after assigned reading has been completed.) 


h. 


List the four basic steps in the force-mass-acceleration (FMA) method of kinetic 
analysis of a particle : 


(1) Draw the 


(2) Perform kinematic analysis of the 


(3) Draw the 


(4) Derive the 


Of the four basic steps in the FMA method that are numbered in Question 1, which 


step is significantly different if curvilinear coordinates are used instead of Cartesian 


coordinates? Step 


A.2 GENERAL COMMENT 


There is no new material introduced in the assigned textbook article. The 


equations presented are the equations that result from writing the equation LF = ma, 


where the acceleration a is expressed in terms of curvilinear coordinates. 


B. 


GUIDED PROBLEMS 


PROBLEM 7.1 


The 0.75-kg slider is fired upward from A along the 
frictionless curved rod that lies in the vertical plane. 
As the slider passes point B with a speed of 3 m/s, 

determine the magnitude R of the force that the rod 


exerts on the slider; and the rate at which the speed of 


the slider is changing. (Is it increasing or decreasing?) 4 |{_-_-»__» _»____»_-"->* 


(continued) 


2° 


a. Comments and Analysis 
e The force-mass-acceleration method is well-suited for determining the required 
quantities at the instant the slider is at point B. 
e Since the rod is frictionless, the force exerted by the rod is normal to the rod. 
e Because the path of the slider is circular, we will use normal and tangential (n-/) 
components to describe the kinematics of motion. 
e Recall that “rate of change of speed” of the slider is measured by the magnitude of the 
tangential component its acceleration. 
e Steps that we will use to determine the R and a;: 
(1) Determine the n-t components of the inertia vector. 
(2) Draw the FBD and MAD. 
(3) Count the number of unknowns and independent equations of motion. 


(4) Write the equations of motion and solve for R and q,. 


b. Guided Solution 
(1) Determine the n-t components of the inertia vector. 


Evaluate the following: 


Weight W = 


an = 


May = 


ma, = (Recall that m is known, but a; is an unknown quantity.) 


(2) Draw the FBD and MAD on the figures below. (Note: the sense of R is arbitrary.) 


y y 
30° | 30° 


(continued) 
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(3) Count the number of unknowns and the number of independent equations of motion. 
The total number of unknowns is and the number of independent equations of 


motion is : 


(4) Write the equations of motion and solve for R and a,. 


i SG ,: Ne 


gives R= Ans. 
LF,=ma,; o* 

gives a,= Ans. 

Is the speed increasing or decreasing? 
PROBLEM 7.2 
The 5000-kg rocket was fired vertically. At a certain time, the il 
radar tracking station at O recorded the following data: yi 
/ 
6 = 60 R=6500m R/ iv 
R=56.3m/s @=002rad/s 6 =0.003 rad/s” y) 
/ 

Determine the magnitude of the thrust P at this time. Na 0 


Neglect air resistance and use g = 9.81 m/s”. 


b. Comments and Analysis 
e Note that the data have been recorded using polar coordinates. Recall that the 
magnitudes of the acceleration components in polar coordinates are 
Ap =R-R6* and ay = RO +2R6 
e Steps that we will use in the analysis: 
(1) Draw the FBD to determine the direction of the acceleration vector. 
(2) Using the recorded data, compute the magnitude of the acceleration vector. 


(3) Compute the thrust P by analyzing the FBD and MAD. 


(continued) 


a1 


b. Guided Solution 
(1) Draw the FBD for the rocket on the figure at the right. 
Inspection of this FBD reveals that the direction of the 


acceleration is 


(2) On the figure at the right, label the acceleration vector a 
and its ar- and ag-components. Using the given data, 


calculate ag: 


ag = 

which givesag=_ | m/s’. Using this value of ag, use 

the geometry of the figure to compute the acceleration a: Acceleration 
a= 

which gives a = m/s’. 


(continued) 


(3) Draw the FBD and MAD for the rocket. 


In the box below, write the equation of 
MAD 


motion and solve for the thrust P. FBD 
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Lesson 8 Work of a Force; Principle of Work and Kinetic Energy 


Text Reference: Articles 14.1-14.3; Sample Problems 14.1-14.3 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. The point of application of a force F undergoes the differential displacement dr. 


Write the defining equation for the differential work done by F: dU= 


2. A force F moving along a path is expressed in terms of two components: F;,, the 
component perpendicular to the path, and F,, the component tangent to the path. 


Which of these components is the working component of F? 


3. The point of application of a force F undergoes the differential displacement dr. 


What is meant by the work-absorbing component of dr? 


4. (a) The work done by a variable force as it moves between two points depends upon 
the path taken by the point of application of the force. (T or F) 
(b) The work done by a constant force as it moves between two points depends upon 


the path taken by the point of application of the force. (T or F) 


5. A 180-lb man skis 100 ft down a 45° slope. Calculate the work done by the man’s 
weight. 
oe 


6. A spring with constant 80 N/m is deformed from a compression of 600 mm to an 


elongation of 800 mm. Calculate the work done by the spring: 


U\_, = 


7. A particle of mass 0.8 kg is traveling at a speed of 4 m/s. Calculate the kinetic 


energy of the particle: 
1h = 


(continued) 


33 


10. 


A constant 10-N force acting in the positive x-direction moves 5 m in the positive 
x-direction. Why is it not meaningful to state that the work done by the force is 


50 N-m in the x-direction? 


State the work-energy principle for a particle in words. 


A free-body diagram shows all the forces that act on a particle. An active-force 


diagram shows only 
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B. GUIDED PROBLEMS 


PROBLEM 8.1 

The 3-kg collar is attached to the linear 
spring with stiffness 4 = 24 N/m and 
unstretched length Zp = 1.75 m. The collar 
starts from rest at A and slides up the 
frictionless rod under the action of the 
constant 40-N force. Determine the 


velocity of the collar as it passes B. 


a. Comments and Analysis 

e Work-energy is a convenient method of analysis because the problem involves a 
change in speed that occurs over a change in distance. 

e The steps that we will use in determine the velocity at B are: 

(1) Determine which forces do work on the collar as it moves from the initial 
position A to the final position B. Calculate U,_,, the total work done on 
the collar. 

(2) Write the expressions for 7, and 7g, the kinetic energy of the collar in 
positions A and B, respectively. 

(3) Substitute into the work-energy relation, U,_, =7; —7,, and solve for the 
velocity of the collar as it passes B. 


(continued) 


oh) 


b. Guided Solution 


(1) Determine which forces do work on the collar and calculate U,_.. 


The figure at the right shows the FBD of the collar when it is in 40 N 
an arbitrary position. The four forces include its weight W, the a 
spring force F, the applied 40-N force, and the normal force V N , 
5 
exerted by the vertical rod (no friction force because the rod is 
W 
frictionless). All the forces except N do work on the collar. Why in 
does N not do work? 
Compute the work done by each of the three forces. 
Weight W: U,,=—-Wy= 
40-N applied force: U,,=Fd= 
SQA LOIS ¥ Crees) Fe oa \oilis'ns Vi agmieels by = wooed wii Le ( ea y = m 


Ope ee 3 ee ee Op = 
Bre or é - ea DD) : ; 
Substituting into U,_,= 5 k\0p — 04) gives: 


Us BS 


(2) Write the expressions for the kinetic energy of the collar in positions 4 and B (let vg 
refer to the velocity of the collar in position B). 


T4= and Tz= 


(3) In the box below, substitute into the work-energy relation and solve for vz. 


Vp — m/s Ans. 
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PROBLEM 8.2 


In the position shown, the velocity of the 
16.1-Ib block A is v, = 36 ft/s up the 
inclined plane. The coefficient of kinetic 
friction between the block and the plane is 


Hx = 0.5 and the spring constant is k = 100 


Y, = 36 ft/s 
W = 16.1 Ib 
UL, = 0.5 


lb/ft. Neglect the weight of the striker plate 
B and assume the spring is initially stress- 
free. Determine the deflection A of the 


spring when the block comes to rest. 


b. Comments and Analysis 
e Work-energy is a convenient method of analysis because the problem involves a 
change in speed that occurs over a change in distance. 


The subscript | refers to the initial position shown, and we will use the subscript 


2 to refer to the final position where the block comes to rest. We will assume the 


spring deflection A is measured in feet. 


The steps that we will use in determine the deflection A are: 
(1) Determine the forces that do work as the block moves from the initial 
position | to the final position 2. Calculate U,_,, the total work done. 
(2) Write the expressions for 7; and 7», the kinetic energy of the block in 
positions | and 2, respectively. 
(3) Substiante into the work-energy relation, U,_, =7, —7j, and solve for the 
spring deflection A. 
e Note that no energy is lost when the block hits the striker plate B because the weight 
of the striker plate is being neglected. The impact of two bodies with non-negligible 


weights is the topic of a later lesson. 


(continued) 


2a 


b. Guided Solution 


(1) Determine which forces do work on the block and calculate U\_,. 


The figure at the right shows the FBD of the block as it slides up 


the plane. The four forces include its weight W, the normal force W 
N, the kinetic friction force F;, and the spring force F;. (The Var. 
spring force is shown as dotted because that force is zero until the F\ 


block has traveled more than 20 ft up the plane.) All the forces {30° | 
except NV do work on the collar. Why does N not 
do work? 


Compute the work done by each of the three forces between positions | and 2. 


Weight W: U,_, =-Wh= 


(h is vertical distance moved upward between positions | and 2) 


r-— 


Kinetic friction force Fy: 


i 


Referring to the FBD: N= 


LN 
Therefore, U,_, =—F,d = 
ee ae 
Spring force F;: 
(ei Sue aang Substitutinetinto, ie, =-5H63 ~ 3?) gives: 
Vig 


(2) Write the expressions for the kinetic energy of the block in positions 1 and 2. 


sb hte and 77 3= 


(3) In the box below, substitute into the work-energy relation and solve for A. 
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Lesson 9 Conservative Forces and Conservation of Mechanical Energy 


Text Reference: Article 14.4; Sample Problems 14.4 and 14.5 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. A force is said to be conservative if its work depends only upon 


2. The capacity of a force to do work is called its _ 


3. Complete the following: 


the work of a conservative force = the decrease in its 


4. The total mechanical energy is the sum of the and 


energies. 


5. Kinetic friction is a nonconservative force because its work is not independent 


of 


6. The principle of conservation of mechanical energy is valid only for conservative 


systems. (T or F) 


7. Write the expression for the potential energy of a spring with constant & and 


deformationd: V.= 


8. Write the expression for the potential energy of a weight W that is located at a 


distance h above the datum: V,= 
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B. GUIDED PROBLEM 


PROBLEM 9.1 
The vertical spring with constant k = 300 N/m is attached to 
the 0.8-kg block. The block is initially at rest in the 


equilibrium position shown. The block is then pulled down a x= 300 N/m 
distance of 400 mm and released. Determine the velocity of 


the block as it passes through the equilibrium position. Solve Equilibrium 


using the principle of conservation of mechanical energy. Position 
a. Comments and Analysis 
e Both the weight of the block and the spring force are conservative so we are justified 
in using the principle of conservation of energy. (A solution using the work-energy 
principle would be as convenient.) 
e We will use the subscript | to refer to the initial position of release, and the subscript 
2 to refer to the final position (the equilibrium position). 
e The steps that we will use to determine v2, the velocity of the block in position 2, are: 
(1) Choose the datum for the potential energy Vz. Calculate the gravitational 
potential energy in positions | and 2. 
(2) Calculate the elastic potential energy V, in positions | and 2. 
(3) Write the expressions for 7; and 7), the kinetic energy of the block in 
positions | and 2, respectively. 


(4) Apply the principle of conservation of mechanical energy and solve for v. 


(continued) 
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b. Guided Solution 


(1) The figure at the right shows that we have 
chosen position 1 to be the position from 
which the block is released, and position 2 
to be the equilibrium position. The figure k = 300 N/m 
also shows that we have taken the datum Equilibrium 


for V, to be the location of the block in ies position 


x. 
L 
position 1. Calculate the gravitational Tae for V, 
potential energies: (Vz); = Wy, =___ and Position | Position 2 
(Vg)2 = Wy2 = 
(2) Elastic potential energy V-: 
When the block is in the equilibrium position (position 2), the spring force is equal to 


its weight. Determine the spring elongations: 


W 
6.=—-= 


Calculate the elastic potential energies: 


l 
(V.), = 5 hor cs 


1 
(V.), a 2 ko; a 


(3) Write the expressions for the kinetic energies 7; and 7> (let v2 be the velocity in 
position 2): 
T) =a and T> = 


(4) Apply the principle of conservation of mechanical energy and solve for v2. 


Substitute the above terms into V, ) + V, ), +7, = Vv, ), +(V, +7): 


which gives: v2 = Ans. 


4] 


Lesson 10 Power and Efficiency 


Text Reference: Article 14.5; Sample Problems 14.6 and 14.7 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. 


Define power (in words): 


Write the defining equation for the power P in terms of the work U: P= 


Write the equation for obtaining the power P of a force F that acts on a particle 


moving with velocity v: P= 


A 10 lb force acts on a particle that is moving along the x-axis at a speed of 4 ft/s. 
Why is it incorrect to state that the power of the particle is P = Fv =10(4)= 40 Ib-ft/s 


in the x-direction? 


The rate at which energy is supplied to a machine is called power. 


The rate at which a machine does work is called power. 


Write the equation that defines the efficiency n of a machine: 


ql 
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B. GUIDED PROBLEM 

PROBLEM 10.1 

The hydrodynamic force F that opposes the motion of a boat is proportional to the square 
of the speed v of the boat, that is, F = cv’, where c is aconstant. The boat’s motor 
delivers the power P; = 13.4 kW to move the boat at a constant speed of v; = 4.5 m/s. 
What power P? is required for a constant speed of v, = 6 m/s? Compare the percentage 


increase in speed with the percentage increase in required power. 


a. Comments and analysis 
Question 1: Power P is defined as the dot product of the force vector F and velocity 


vector v: P =F-yv. In this problem, it is permissible to use P = Fy. Why? 


Answer: 


Question 2: The force supplied by the motor is equal to the hydrodynamic force. Why? 


Answer: 


b. Guided Solution 
(a) In the box below, form the ratio P2/P; knowing that P = cv’. Using the given data, 


determine P). 


Py ea eZ ANS: 
(b) Calculate the required percentage increases: 
(i) Percent increase in speed = 
% Ans. 
(ii) Percent increase in required power = 
% Ans. 
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Lesson 11 Principle of Impulse and Momentum 


Text Reference: Article 14.6; Sample Problems 14.8 and 14.9 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. Write the defining equation for the impulse of a force F for the time interval f; to fy: 
eS 


2. The impulse of a force can be zero, even if the force is not zero. (T or F) 
3. A force can have an impulse even if it does not do work. (T or F) 


4. Write the defining equation for the momentum of a particle of mass m traveling with 
the velocityv: p= 
5. Howis the resultant force =F acting on a particle related to its linear momentum p? 


UF= 


6. Write the impulse-momentum principle: 


L,_, = 


7.. The momentum of a particle is conserved if L,_, = 


8. A component of momentum can be conserved, even if the total momentum is not 


conserved. (T or F) 


9. Consider the four terms in the two equations: U,_, =AT and L,_, =Ap. 


Identify the term that is associated with each of the following: 


(a) a force and a change in time: 
(b) a force and a change in position: 
(c) the mass of a particle and the change in its velocity vector: 


(d) the mass of a particle and the change in its speed: 


44 


B. GUIDED PROBLEM 


PROBLEM 11.1 

The 200-kg crate on rollers is being pulled up the inclined plane by the 700-N constant 
force, and the force P(r) that varies with time as shown. (Both of these forces are parallel 
to the plane). If the crate starts from rest at f= 0, determine its velocity when f = 7s. 


Assume the masses of the rollers are negligible. 


as x P(t) 


P(N) 


a. Comments and Analysis 
e Either FMA or impulse-momentum could be used to solve a problem such as this that 
involves a change in velocity that occurs over a time interval. However the FMA 
method would be cumbersome because the acceleration is different for each time 
period: 0-2 s, 2-4 s, etc. Therefore, we choose to solve this problem using the 
impulse-momentum principle. 
e We will use the subscript | to refer to the initial time (¢; = 0) and the subscript 2 to 
refer to the final time (f2 = 7s). 
e The steps that we will use to determine v2, the velocity of the block when ¢ = h are: 
(1) Draw the FBD of the crate at an arbitrary time. (The FBD is necessary to 
ensure that all forces acting on the crate are considered when computing the 
impulse.) 
(2) Calculate the impulse in the x-direction (Z1.2), for each force. 
(3) Write the expressions for momenta (px); and (p,)2 for the crate. 


(4) Write the impulse-momentum equation for the x-direction and solve for vp. 


(continued) 
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b. Guided Solution 


(1) Draw the FBD of the crate using the figure 
at the right. (Let R represent the resultant Na 
x 


normal force acting on the crate.) 


Note: Since the masses of the rollers are ; 
negligible, there is no friction force. 
(2) Calculate the impulse in the x-direction for each of the forces for the time period f; to 
ft). (The impulse-momentum analysis in the y-direction would yield R = Wcos 15°, a 
result that is also readily obtainable by summing forces in the y-direction.) 


Normal force R: (L1.2)x = 700-N force: (Lj-2)x = 


Weight: (L1-2),= 


P(t): L12)s = 


(3) Write the expressions for momenta (p,); and (p,)2 for the crate. 


(Px) = (Bp 


(4) In the box below, write the impulse-momentum equation for the x-direction and solve 


for v>. 


y= (p> (0) 


+ 
ae 


| V2 = (up or down the plane?) Ans. | 


46 


Lesson 12 Principle of Angular Impulse and Momentum 


Text Reference: Article 14.7; Sample Problems 14.10 and 14.11 


A. SELF-TEST (To be done after assigned reading has been completed.) 


L., 


Write the defining equation for the angular impulse of a force F about point A for 


the time interval ¢; to % in terms of My, the moment of F about A: 


(A4)i-2 = 
What are the dimensions of angular impulse? 


Identify each of the terms in the defining equation for hy, the angular momentum of 


a particle about point A: h, =rxmv 
(apr 
(b) m: 


(Cc) v: 


The equation M , = h , is valid for every point. (T or F) 


Write the principle of angular impulse and angular momentum: 
(A 4)\-> = (A: fixed point) 


If (A ,);_> = 9, the angular momentum about point 4 is conserved. What restriction 


is placed upon the choice of point 4? 


A component of angular momentum can be conserved, even if the total angular 


momentum is not conserved. (T or F) 
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B. GUIDED PROBLEM 


PROBLEM 12.1 


The small ball 4 of known mass m is attached to one end of a light cord that passes 
through the hollow support at O. Initially the cord is rotating about the z-axis at the 
angular speed w, = 10 rad/s with the ball moving around a circular path of radius 

r; = 1.2m. The cord is then drawn slowly through the support until the final radius of the 


path is r2 = 0.6 m. Determine wo, the final angular velocity of the cord. 


r,= 0.6m 


ae l, 


e We will use the angular impulse-momentum principle to analyze this problem. 


x 


a. Comments and Analysis 


e The steps that we will use to determine > are: 
(1) Draw the FBD of the ball 4 at an arbitrary time. Show that the angular 
impulse about the z-axis is zero throughout the motion. 
(2) Draw the momentum diagram at time ¢;. Calculate (/,);, the initial angular 
momentum about the z-axis. 
(3) Draw the momentum diagram at time f. Calculate (h,), the final angular 
momentum about the z-axis. 


(4) Use the angular impulse-momentum principle to determine wp. 


(continued) 
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b. Guided Solution 
(1) Draw the FBD of ball A at an arbitrary time in Fig. (a). 


Question: Why is the angular impulse about the z-axis zero throughout the motion? 


Answer: (4,))-2 = 0 because 


TOP VIEW 
a co noe 
a * , Pee 
as ‘ fa Bs 
/ 4.2 a i r= 0.6m—~<4 : 
| aad O ny) ne | 
| \ ae 
x / x | / 
x ye = eS ie = ® 
= a x 
x 
(a) FBD (b) Momentum Diagram (c) Momentum Diagram 
(arbitrary time) (time ¢,) (time 4) 


(2) Draw the momentum diagram at time ¢, in Fig. (b) above. Calculate the initial 


angular momentum about the z-axis: (H,)) = 


(3) Draw the momentum diagram at time f in Fig. (c) above. Calculate the final angular 
momentum about the z-axis: (h,)2 = 


(4) In the box below, use the angular impulse-momentum principle to find wo. 


(A,)1-2 = (hz)2 ia (hz) 
4, 
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Lesson 13 Kinematics of Relative Motion 


Text Reference: Articles 15.1 and 15.2; Sample Problem 15.1 


A.1 SELF-TEST (To be done after assigned reading has been completed.) 


1. Motion that is described relative to a fixed reference frame is referred to as 


(a) motion. Motion that is described relative to a moving 


reference frame is referred to as (b) motion. 


2. Complete the vector equation that relates each group of the terms listed in 


parts (a)-(d). 


(8) VpyqoNaygi Vp4> (b) VasVesVe4i Veg= 


(C) ApysAygi Aypz= (d) @4,4g,4p4% ag= 


3. The base vectors for a translating reference frame can have non-zero 


derivatives. (T or F) 


4. The base vectors for a rotating reference frame can have non-zero 


derivatives. (T or F) 


A.2 General Comment 


Remember that in this chapter only the special case of translating reference frames 


is considered. 
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B. GUIDED PROBLEM 


PROBLEM 13.1 
The two cars A and B are moving i ec, 


along straight, level roads with the 


constant speeds v4 = 45 mi/h and 


| 
vg = 35 mi/h, both directed as shown. i} (| ——_ > AS mish 
When time ¢ = 0, 4 is passing through 


x 


the intersection and B is 1.5 miles from the intersection. Determine vz, (velocity of B 
relative to A), and rg,4 (position vector of B relative to A) as functions of time. 

a. Comments and Analysis | 

e The steps that we will use in the analysis are: 

(1) Using the xy-coordinate system shown, write the velocity vectors v, and vz, 
and then compute Vz/4 = vg — vy. (Note that v,,, will be time-independent 
because the velocity of each car is constant.) 

(2) Determine rg, by performing the time integral of vg/4. Evaluate the 
constant of integration by applying the initial condition at t= 0. 

b. Guided Solution 
(1) Write the vectors v4 and vz using the xy-axes in the above problem figure: 


Vif 


Nip 


Compute vg/4 = Vz — V4 = 


With the final result being vz,/4 = Ans. 


(2) Integrate the relative velocity, letting ro be the constant of integration: 


rp4= [¥en dt = 


State the initial condition: 


At ¢=0, ray =ro= 


Write the final expression for the relative position vector: 


tPA Ans. 


ot 


Lesson 14 Kinematics of Constrained Motion 


Text Reference: Article 15.3; Sample Problems 15.2 and 15.3 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. Geometric restrictions imposed on the motion of particles are 


referred to as 


2. Equations of constraint are mathematical expressions that describe 
the (a) constraints on particles in terms of 


their (b) coordinates. 


3. Position coordinates of particles that are not subjected to kinematic constraints 


are called coordinates. 


4, Five coordinates are used to describe the configuration of a given system of 
particles. However, only three of the coordinates are kinematically independent. 


How many degrees of freedom does the system possess? 


5. Fora given (holonomic) mechanical system, let 4 = number of degrees of freedom, 
B= number of kinematic constraints, and C = number of position coordinates. 


Complete the equation that relates A, Band C: A= 


a2 


B. GUIDED PROBLEM 


PROBLEM 14.1 

Collar A is sliding downward along the 
vertical rod with the speed v, = 0.8 m/s. 
The collar is connected to block B by an 
inextensible cable that passes over the ¥,=0. 
pulley C. Find vg, the velocity of block 
B, when ys = 1.2 m. 


a. Comments and Analysis 
e As shown in the figure, we will use the two position coordinates y, and yz to describe 
the configuration of the system. 
e The constraint on the motion is that the cable does not change length. 
e The steps that we will use in the analysis are: 
(1) Write the equation of constraint on the motion of the system. 
(2) Differentiate the equation of constraint to find vg in terms of v4 and yy. 


(3) Substitute the given conditions to evaluate vg at the specified position. 


b. Guided Solution 
(1) Letting L be the length of the cable, write the equation of constraint: 
L= 


(2) In the box below, differentiate the equation of constraint to find the relationship 


between vz, v4 and yy. 


dt 


which gives: vg = 


(3) Substitute the given values to evaluate vg at the specified position: 


VB= Ans. 


Note: If desired, the relationship between the accelerations could be found by 


differentiating the expression for vg with respect to time. 
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Lesson 15 Kinetics: Force-Mass-Acceleration Method 


Text Reference: Article 15.4; Sample Problems 15.4—15.7 


A.1 SELF-TEST (To be done afier assigned reading has been completed.) 


1. Why are constraint forces between particles eliminated when forces are summed 


over a closed system of particles? 


2. Define each of the terms in the equation of motion for a single particle, 
2E = ma: 
LF: 


mM. 


3. Define each of the terms in the equation of motion for a closed system of particles, 
“F=ma: 
=F: 


mM: 


a: 


A.2 General Comment 


The equation of motion of the mass center has limited application because it gives 
no information about the motion of the individual particles. Therefore, the equations 


of motion for the individual particle are often analyzed. 
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B. GUIDED PROBLEM 


PROBLEM 15.1 
The 20-kg block B rests on the 50-kg block 4. The 


blocks are being pushed up the frictionless inclined 
> 


plane by the force P = 500 N that is parallel to the 9 


plane. Determine the smallest coefficient of static 
friction y for the surface between the blocks that will 
prevent B from sliding on A. 
a. Comments and Analysis 
e The accelerations of blocks are the same; there is no relative motion between them. 
e The smallest coefficient of friction that will prevent sliding occurs when motion 
impends on the surface between the blocks. 
e The steps that we will use in the analysis are: 
(1) Calculate the acceleration of the blocks by analyzing the system of both 
blocks. 
(2) Determine the smallest coefficient of friction to prevent sliding by analyzing 
block B when motion impends between the blocks. 
b. Guided Solution 
(1) On the figures below, draw the FBD and MAD for the system of both blocks. Label 


the normal force as N, and the acceleration as a. Then, calculate the acceleration by 


writing and solving the FMA equation in the x’-direction. 


B B 
J ; 
y ea A 
FBD MAD 


x . = 
<Fy, = ma, “7 gives a 


(continued) 
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(2) On the figures below, draw the FBD and MAD for block B. Label the normal force 
as Np, the friction force as Fg, and use the value for the acceleration as a that was 


found in Step (1). 


y 
thee 
E30: eS 
FBD MAD 


Write the FMA equation in the y-direction and solve for Nz: 


LF, = may: +] gives Ng = 


Write the FMA equation in the x-direction and solve for Fp: 


SF wd, os gives Fz = 


Using F’z = uNzg (motion impends), solve for yu: 


i i= ANS. 
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Lesson 16 Work-Energy and Impulse-Momentum Principles 


Text Reference: Articles 15.5—15.7: Sample Problems 15.8-15.11 


Note: This Lesson extends the work-energy and impulse-momentum (linear and angular) 


principles for a single particle to systems of particles. 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. Identify each term in the work-energy principle for a closed system of particles 


where | and 2 refer to the initial and final positions of the system, respectively: 
(ees ie + (Css =AT. 


(a) (Os i : 


(b) (ies) : 


(Ce 


2. List two types of internal forces that can do work on a system of particles: 


and 


3. For the mechanical energy of a system to be conserved, both internal and external 


forces must be conservative. (T or F) 


4. Identify each term in the linear momentum equation for a system of particles: 
p=mvy. 


(a) p: 


(b) m: 


(cy ee: 


5. Inthe linear impulse-momentum equation for a system of particles, L,_, = Ap, 


L,_» represents the linear impulse of both external and internal forces. (T or F) 


(continued) 


5;/ 


6. 


If the momentum of a system of particles is conserved, the momentum of each 


particle of the system is also conserved. (T or F) 


List the two choices for point A for which the moment-angular momentum equation, 


=M , =h, is valid. and 


Consider the angular impulse-momentum principle for a system of particles: 
(A 4)» a (h,), ic (h,), 
(a) The term (A bales refers to the angular impulse of external forces. (T or F) 


(b) The equation is valid for any choice of point A. (T or F) 
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B. GUIDED PROBLEMS 


PROBLEM 16.1 

Block A weighing 322 lb is 
connected by an inextensible cable 
(k = 200 |b/ft) to block C that 
weighs 128.8 lb. The weight of 


k = 200 |b/ft 


(x), = 10 fus| 128.8 Ib 


pulley B can be neglected. The coefficient of kinetic friction between A and the plane is 


Hx = 0.5. In the position shown, C is moving downward with the velocity (vc), = 10 ft/s 


and the spring is stretched 2 ft. Determine (vc), the velocity of C after it has moved 


down 0.8 ft from the position shown. 


a. Comments and Analysis 


We will use the work-energy principle to solve this problem. We identify position 1 
to be the initial position shown, and position 2 to be the final position. 

We consider our system to consist of the two blocks connected by the cable and the 
pulley. The FBD showing all the forces that act on the system is shown below. 
Careful study of this FBD reveals that external 

work will be done on the system by Fpring, Wc, a Wa 

and F’, (the friction force). The following 
external forces do not do work on the system: W4 
and N, (because both forces are perpendicular to 


the displacement of A), and the pin reaction RK 


acting on the pulley (this force does not move). 
The cable tension, an internal force, does not do 
work because the cable is inextensible. 
The steps that we will use in the analysis are: 
(1) Compute the total work done on the system. 
(2) Evaluate 7, the initial kinetic energy. 
(3) Write the expression for 7>, the final kinetic energy. 


(4) Using the above results, apply the work-energy principle to compute (vc)2. 


(continued) 
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b. Guided Solution 
(1) Compute the total work done on the system. 
(a) Work done by weight of block C. 
(U.-2)ext = Wh = 
(b) Work done by the spring. 


The spring deformations are: 6, = and 6, = 


U1.aext =-5K(63 = = 


(c) Work done by the friction force. 
Draw the FBD of block 4 on the figure = y 


at the right. Calculate V4, and then | 7 


compute Fy. 


Lh = m0 +| gives Ny = 


Therefore, the friction force Fy = 


(Ui2)ext = — Fad = 


(2) Evaluate 7), the initial kinetic energy. 


l oe 2 
T, =—m,(v +—m-(v 
a) AWM) 5 cc); 


7, = 


(3) Write the expression for 7>, the final kinetic energy [use (v4)2 = (vc)] 


l 5 wl ) 
T, =—m,(v +—m-(v 
D2 2 Al A) 0) c( c)) 


T> = 


(4) Using the above results, in the space below apply the work-energy principle and 
compute (¥c)p. 


Cie io ine | 


PROBLEM 16.2 


The 40-lb block A and the 24-lb block B 401b- ~~ &=50 Ib/in. 24 1b 
are attached to the ends of a linear spring | 4 KW} eB | 
with constant & = 50 lb/in. and unstretched ean 6 in. preg 


length Lo = 10 in. The blocks are released from rest in the position shown where the 
length of the spring is 6 in. Neglecting friction, compute the velocity of each block when 
the length of the spring is 11 in. 
a. Comments and Analysis 
Our solution of this problem will use both the impulse-momentum principle and the 
work-energy principle. We will let subscripts 1 and 2 refer to the initial 
and final positions and corresponding initial and final times. 
e The steps that we will use in the analysis are: 
(1) Draw the free-body diagram (FBD) of the system in an arbitrary position. 
(2) Draw the momentum diagram of the entire system at the final time h. 
(There is no momentum at the intial time f.) 
(3) Identify all of the unknowns on the FBD and momentum diagram. 
(4) Write the impulse-momentum equation for the system. 
(5) Write the work-energy equation for the system (only the spring does work). 
(6) Solve the equations for the final velocity of each block. 
b. Guided Solution 
(1) On the figure below, draw the FBD of the entire system in an arbitrary position. 


Label the weights as W, and We, and the normal forces as N4 and Nz. 


Pennine» [se 


FBD of system Momentum diagram 
(arbitrary position) (time f>) 


(2) On the figure above, draw the momentum diagram at the final time /. 


Label the masses as m, and mz, and assume the final velocity (v4)2 is to the left and 


the final velocity (vg)2 is to the right. 


(continued) 
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(3) Identify all of the unknowns that appear on the FBD and momentum diagram. 
(a) From the FBD of each block (not shown here), the equation >'F, = 0 would 
determine that V4 = W4 and Ng = Wz. Therefore, the following are the only two 


unknowns remaining on the two diagrams: and 


(4) In the space below, refer to the above diagrams and write the impulse-momentum 
equation in the x-direction for the system. Substitute the numerical to obtain the 


relationship between the final velocities. 


(L}.2) = (Dx)2 — (Px) 


+b 


— 


The relationship between the final velocities: (v4)2 = (vg)2 Eq. (1) 
(5) Write the work-energy equation for the system. 
(a) Work done by the spring. 


Deformations: 6, = L, — Lo = 0, = L2—Lo= 


(rey = ~5 #83 _§?)= = Ib-ft = Ib-in. 


(b) Evaluate 7), the initial kinetic energy: 7) = 
(c) Write the expression for 7», the final kinetic energy: 


T = 


(d) In the space below, write the work-energy principle for the system. Substitute the 


numerical values to obtain the equation relating (v4)2 and (vg). 


(Ory =h=T, 


Equation relating (v4)2 and (vg): Eq. (2) 


(continued) 
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(6) In the space below, solve Eqs. (1) and (2) for the velocity of each block. 


PROBLEM 16.3 

The figure shows two small balls 
A (m4 = 2 kg) and B (mg = 3 kg) 
that are attached to the ends of the 


m,=2kg 


rigid rod of negligible mass. The 
assembly is initially at rest when 


the constant 100-N horizontal 


force, perpendicular to the rod, is 
applied at A. The force remains 
perpendicular to the rod as it rotates about the vertical z-axis at O. Determine the time 
required for the rod to reach an angular velocity of 90 rad/s. Neglect friction. 
a. Comments and Analysis 
e Wewill let ¢; =0 refer to the time when the rotation starts and th be the time when the 
angular velocity w is 90 rad/s. 
e Wewill solve this problem using the angular impulse-angular momentum method. 
e The steps that we will use in the analysis are: 
(1) Draw the FBD of the assembly (valid throughout the time period). 
(2) Draw the momentum diagram of the assembly at the final time 4. (There is 
no momentum at the initial time ¢).) 
(3) Write the angular impulse-angular momentum equation for the z-axis and 
solve for the time f2 when the final angular velocity is reached. 


(continued) 
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b. Guided Solution 
(1) Draw the FBD of the assembly on the figure below (the 100-N force is already 


shown). Although the FBD is drawn when the assembly is in the initial position, it is 


stated that the 100-N force remains perpendicular to the rod throughout the motion. 


2 kg 


[ 
7 
— 90 rad/s ~ 


300 mn 


a a B 
a Sse 


Momentum Diagram 
(time t,) 


(2) Draw the momentum diagram of the assembly at the final time /% on the figure above. 
Evaluate each term using the given numerical values. 

(3) In the space below, write the angular impulse-angular momentum equation for the 
z-axis and solve for the time % when the final angular velocity is reached. (Note that 


there is no momentum at the initial time f).) 


(Az)1-2 a (hz)2- (hz) 


loys Lis= A al (ee ADS. 
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Lesson 17 Plastic Impact and Impulsive Motion 


Text Reference: Articles 15.8 and 15.9; Sample Problems 15.12 and 15.13 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. The contact forces caused by the collision of two particles are called 
(a) forces. What notation is used to indicate these forces on 


free-body diagrams? (b) 


2. What is meant by stating that the impact of two particles is plastic? 


3. Motion for which the time of impact At > 0 is called motion. 


4. When the time of impact is infinitesimal for two impacting blocks, the following 


conclusions can be made for the impact interval: 


(a) the magnitudes of impact forces are 


(b) the impulses of finite forces are 


(c) the accelerations of the blocks are 


(d) positions of the blocks 


5. The analysis of the impact of particles involves writing and solving the impulse- 


momentum equations using the following three types of diagrams: 


(a) diagrams before impact 
(b) diagrams during impact 
(c) diagrams after impact 


65 


B. GUIDED PROBLEMS 


PROBLEM 17.1 
The 2-oz bullet B is fired at (vg); = 2500 ft/s (vg) = 2500 ft/s 
into the stationary 20-lb block A. The bullet se 
passes through the block and emerges with LEARNER 
the horizontal velocity (vg)2 = 500 ft/s. Determine the velocity (v4)2 with which the block 
begins to move after the impact. Neglect friction. 
a. Comments and Analysis 
e Note that the subscripts 1 and 2 are being used to indicate the velocities immediately 
before and immediately after the impact, respectively. 

e The steps that we will use in the analysis are: 

(1) Draw the FBDs of A and B during the impact. 

(2) Draw the momentum diagrams for A and B immediately before, and 

immediately after the impact. 
(3) Write the impulse-momentum equation for the system of A and B. Solve for 


the velocity (v4)2 with which the block begins to move after the impact. 


b. Guided Solution 
(1) On Fig. 1 below, draw the FBDs of A and B during the impact. Use a caret above the 


letter to indicate an impact force. 


te O- 


=> 
B 
Fig. 1 FBDs of A and B Fig. 2 Momentum diagrams Fig. 3 Momentum diagrams 
during impact for A and B before impact for A and B after impact 
(Use symbols not numbers) (Use symbols not numbers) 


(2) On Figs. 2 and 3 above, draw the momentum diagrams for A and B immediately 
before, and immediately after impact. For convenience, use symbols (m4, mg, (v4), 
(vg), and so on) not numbers. 


(continued) 
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(3) In the space below, complete the solution by writing the impulse-momentum equation 


for the system and solving for (v4). 


(L1-2) = (Px)2 — (Px) 


+ 


——j> 


(V0 = Ans. 


c. Concluding Remarks 

1. The analysis has shown that there are no forces acting on the system in the 
x-direction. Therefore, it was not necessary to assume that the time of impact was 
negligible. 

2. The impulse of the impact force that acted between A and B could be computed by 


writing the impulse-momentum equation for either A or B. 
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PROBLEM 17.2 

The assembly consists of two small balls A and B that are 
connected to a light slender rod which is pinned at O. The 
assembly is initially at rest when the dart C is fired into B 
with the velocity (vc); = 150 m/s. Determine the angular 
velocity w2 with which the bar begins to rotate. Assume (olson 
that the assembly lies in the vertical plane. Neglect the ese 


duration of the impact. The masses are: m4 = 0.75 kg, 
mg = 1.50 kg, and mc = 0.075 kg. 
a. Comments and Analysis 
e Note that the subscripts 1 and 2 are being used to indicate the velocities immediately 
before, and immediately after the impact, respectively. 
e The steps that we will use in the analysis are: 
(1) Draw the FBDs of C and the bar during the impact. 
(2) Draw the momentum diagrams for C and the bar immediately before, and 
immediately after, the impact. 
(3) Write the impulse-momentum equation for the assembly. Solve for the 
angular velocity w2 with which the bar begins to rotate 
b. Guided Solution 
(1) On Fig. 1 below, draw the FBDs of C and the bar during the impact. Label the 
unknowns as forces P, O, and O, (with a caret above each letter to indicate that it 
could be an impulsive force). 


(continued) 
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0.6m y 0.6m 0.6m 
O lor O O 
0.9m 0.9m 0.9m 
& B 
—— = 


Fig. 1 FBDs during impact Fig. 2 Momentum diagrams 


Fig. 3 Momentum diagrams 
before impact 


after impact 


(2) On Figs. 2 and 3 above, draw the momentum diagrams for C and the bar immediately 


before, and immediately after, the impact. 
Note: Referring to Figs. 1-3, you will see that there are a total of four unknowns: the 
impulses of the three forces P, O,, and O, , and the final angular velocity wp. 
There are also four impulse-momentum equations: three for the bar and one for 
the dart. Therefore, the four equations could be solved for the four unknowns. 
However, the angular velocity w2 can be found using only one equation. 
(3) In the space below, complete the solution by writing the angular impulse-angular 


momentum equation about point O for the assembly and solving for w2. 
(Ao) 1-2 = (ho)2 ~ (ho) 
”*) 


02 Fore eaitiogley. OARS. 


c. Concluding Remark 


Note that the answer for w2 would be the same if the assembly were in the horizontal 


plane instead of the vertical plane, as stated. 
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Lesson 18 Elastic Impact 


Text Reference: Article 15.10; Sample Problems 15.14—-15.16 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. 


The property of a body to return either totally or partially to its original shape is 
called 


When two particles collide, the line that is perpendicular to the contact surface is 


called the 


When two particles collide with both velocities directed along the line of impact, the 


impact is called (a) impact; otherwise the impact is 


known as (b) impact. 


The experimental constant e that characterizes the “elasticity” of colliding bodies is 


called the 


What is the value of e when no energy is lost during the impact? 
What is the value of e when the impact is plastic? 


Two particles A and B collide with direct impact. Letting vsep be their velocity of 


separation and Vapp be their velocity of approach, write the defining equation for e: 


Two particles A and B collide with oblique impact. Which components of their 


velocities are used in the defining equation for e? 


70 


B. GUIDED PROBLEM 


PROBLEM 18.1 
The 5-lb disk A and the 10-lb disk B are 
sliding across the horizontal plane with the 


initial velocities (v4); = 30 ft/s and (vg), = 10 


ft/s, directed as shown. The coefficient of 


Horizontal plane 


restitution for the impact is e = 0.5. Find the velocities (v4)2 and (vg)2 immediately after 


the impact. Neglect friction. 


a. Comments and Analysis 
e Note that the subscripts 1 and 2 are being used to indicate the velocities immediately 
before and immediately after the impact, respectively. 
e The steps that we will use in the analysis are: 
(1) Draw the FBDs of A and B during the impact showing only forces 1n the 
horizontal plane. 
(2) Draw the momentum diagrams for A and B immediately before, and 
immediately after the impact. 
(3) Write the impulse-momentum equation for the system of A and B. 
(4) Write the coefficient of restitution equation relating the initial and final 
velocities. 
(5) Solve the two equations for the final velocities (v4)2 and (vg)2. 
b. Guided Solution . 
(1) On Fig. 1 below, draw the FBDs of 4 and B during the impact showing only forces in 


the horizontal plane. Use a caret above the letter to indicate an impact force. 


SO FO @RIEK © & 


Fig. 1 FBD's during impact Fig. 2 Momentum diagram Fig. 3 Momentum diagram 
(forces acting in xy-plane only) before impact after impact 
(continued) 
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(2) On Figs. 2 and 3 above, draw the momentum diagrams for A and B immediately 
before, and immediately after impact. For convenience, use symbols (m4, ma, (V4)1, 
(vg);, and so on) not numbers. 

(3) Referring to Figs. 2 and 3, in the space below, write the impulse-momentum equation 
in the x-direction for the system of A and B. Substitute the known numerical values 


and simplify your equation. 


(L}-2) aH (px)2 A (Px) 


+ 


—_ 


Impulse-momentum equation is: Eq. (1) 


(4) In the space below, write and simplify the coefficient of restitution equation. 


Coefficient of restitution equation is: Eq. (2) 


(5) In the space below, solve Eqs. (1) and (2) for the final velocities. 


(v4)2 = and (vg)2 = Ans. 
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Lesson 19 Plane Angular Motion; Rotation about a Fixed Axis 


Text Reference: Article 16.1-16.3; Sample Problems 16.1-16.3 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. Why is the rigid body concept an “idealization”? 


2. Motion for which all points in a body remain a constant distance from a fixed 


reference plane is called motion 


3. List the three categories of plane motion. 


(a) aD) 5 (C) 


4. A rigid body is in plane motion with AB being a line in the body and in the plane of 
motion. The angle @(f) between AB and a fixed reference line (in the plane of 


motion) is called the of line AB. 


5. Refer to the body described above in Question 4. If (1) changes to O(¢ + Ar) in the 


time interval Ar, define the angular displacement of AB during the time interval: 
AG = 


6. Refer to the body described above in Question 4. Why is it meaningful to refer to 


the angular displacement of line AB as the angular displacement of the body? 


7. Fora body undergoing plane motion, the time derivative of the angular position 
coordinate (ft) is defined to be the (a) of the 
body, and it is indicated by the Greek letter (b) 


(continued) 
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10. 


11. 


12. 


For a body undergoing plane motion, the time derivative of the angular velocity of 
the body is defined to be the (a) of the body, and 
it is indicated by the Greek letter (b) 


When a rigid body is undergoing three-dimensional motion: 
(a) the angular displacement of the body is a vector (T or F) 
(b) the angular velocity of the body is a vector (T or F) 


(c) the angular acceleration of the body is a vector (T or F) 


A body is rotating about a fixed axis. Describe the path followed by an arbitrary 


point on the body that is located a distance R from the axis of rotation: 


Complete the following scalar equations for the velocity (v) and the acceleration 
components (a, a;) of a point in a rigid body that is rotating about a fixed axis. The 
distance of the point to the axis is R; and the angular velocity and angular 


acceleration of the radial line to the point are w and a, respectively. 


(a) v=R(_ +); (b) a, =R( j= Dy ); ©@a,=Rt _) 


Complete the following vector equations for the velocity and acceleration 
components of a point in a rigid body that is rotating about a fixed axis. The 
position vector of the point relative to the fixed axis is r and the velocity of the point 
is v. Furthermore, the angular velocity vector and angular acceleration vector of the 


radial line to the point are @ and a, respectively. 


(@v=( )xr; (b)a,=@x(  J=( x(x); () a,=( xr 
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B. GUIDED PROBLEMS 


PROBLEM 19.1 


The angular acceleration a ofa line rotating in a plane is a =12t? +2k rad/s”, where ft is 
the time in seconds, k (rad/s) is a constant, and CCW angles are positive. When f= 0, 
the angular position 6 of the line from a fixed reference line is 2 radians CW and the 
angular velocity w of the line is 3 rad/s CCW. Whent = 1.0 s, the angular position of the 
line is 4 rad CW. Determine the angular acceleration of the line when f= 2.0 s. 
a. Comments and Analysis 
e The steps that we will use in the analysis are: 
(1) Write each of the stated conditions in equation form. 
(2) Integrate the angular acceleration a to determine the angular velocity w, then 
integrate w to obtain the angular position coordinate 0. 
(3) Apply the stated conditions to evaluate the constants of integration and the 
constant k. Having determined k, the angular acceleration will be known. 
b. Guided Solution 
(1) Write the stated conditions in terms of @ and o. 
Referring to the problem statement, the stated conditions are (be sure to use the 
proper signs): 
1. atr=0,0= 2.att=0,a= 3. atr=1.0s, A= 
(2) Integrate a = 12r” + 2k with respect to time once to obtain w, and a second time to 


obtain @. Let the constants of integration be C; and C}. 


O= lod = 


@ = [wdr = 


(3) Note that there are 3 stated conditions and 3 unknown constants. In the space below, 


evaluate the 3 constants, and then evaluate a when f= 2 s. 


PROBLEM 19.2 

The friction disks A and B 
rotate in contact with each 
other without slipping. At a 
certain instant of time, B is 
rotating with the angular 
velocity wg = 2 rad/s and 


angular acceleration ag = 


6 rad/s”, both clockwise. 

At the same instant, 4 is rotating counterclockwise with the angular velocity wg. The 

cable wrapped around the hub of 4 causes block C to move upward. Determine vc and 

ac, the velocity and acceleration of block C. 

a. Coments and Analysis 

e We identify the two points that are in contact: P on disk 4A and P' on disk B. Note that 
the paths of these points are circles. 

b. Guided Solution 


(1) Calculate the velocity of point P’) vp: = 


(2) Because there is no slipping, what can we conclude about the velocities of P and P’? 


(3) Using the result of (2) above, the velocity of point P is vp = 


(4) Calculate w,4 = 


(5) Calculate vc = Ans. 


(6) Because there is no slipping, what can we conclude about the accelerations of P 
and P"? 
(7) Calculate (ap), = 


(8) Using the result of (7) above, for point P we have (ap), = 
(9) Calculate a4 = 


(10) Calculate ac = Ans, 


ee eee 
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Lesson 20 Relative Motion; Method of Relative Velocity 


Text Reference: Articles 16.4 and 16.5; Sample Problems 16.4—-16.6 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. When a rigid body is undergoing three-dimensional motion: 
(a) the angular displacement of the body is a vector (T or F) 
(b) the angular velocity of the body is a vector (T or F) 


(c) the angular acceleration of the body is a vector (T or F) 


2. For general plane motion, the relative velocity and relative acceleration of point B 
relative to point A (A and B belong to the same rigid body) can be written using the 
equations for rotation about a fixed axis, with the following changes in notation: 

re/a replaces R ; vg/4 replaces v ; (@g/4)n replaces a,; (ag/4), replaces a, 
Using the appropriate changes, write the equivalent relative motion equations for 
each of the equations below for rotation about a fixed axis: 


Fixed axis rotation Motion of point B relative to point A 


Scalar equations 


Velocity: v= Rw (a) Relative velocity: vg4 = 
Normal component of acceleration: (b) Normal component of relative 
a= Ro acceleration: (@g/4)n = 


Tangential component of acceleration: (c) Tangential component of relative 


acceleration: (@g/4); = 


a,= Ra 
Vector equations 
Baoat (d) Vea = 
a, = @ x (ox r) (€) (aB/a)n = 
a,=axr (f) (ap/a)r = 


(continued) 


OS) 


There can be relative motion between two points that belong to a rigid body that is 


translating. (T or F) 


(a) If A and B are two points in the same rigid body that is undergoing plane motion, 
how many variables are in the relative velocity vg = V4 + Vp/4? 
(b) How many variables must be known before this relative velocity equation can be 


solved? 


A point for which the magnitude and/or direction of its velocity is known is referred 


toasa 


If a point is undergoing plane motion along a given path, why does its velocity 


contain at most one unknown? 


List the steps in the application of the relative velocity method: 


Step 1: Identify two (a) points for velocity. 


Step 2: Write the (b) equation between the points. 


Step 3: Solve the equation if there are how many unknowns? (c) 


A wheel of radius R rolls without slipping with angular velocity @ and angular 
acceleration a. Write the equations for the magnitudes of the velocity vo and 


acceleration ao of the center O of the wheel: 
(a) vo = : (b) ao = 
The direction of vo must be consistent with the direction of (c) 


The direction of ao must be consistent with the direction of (d) 
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B. GUIDED PROBLEMS 


PROBLEM 20.1 


ott 


The spool rolls without slipping on 
the horizontal plane with slipping. In” 
the position shown, the velocity of ea 
point A on the spool is 6 ft/s to the , 
right. Determine the angular velocity 
of the spool for this position. 
Solve using both scalar notation (Solution I) and vector notation (Solution II). 
Comments and Analysis 
Because the spool rolls without slipping, the velocity of it center O is known to be 
horizontal of magnitude rw, with its sense consistent with the direction of w. 
We will assume that the angular velocity w of the spool is clockwise. (This is an 
assumption but you may see by inspection of the figure that clockwise will be the 
correct direction.) 
The steps that we will use in the analysis are: 

(1) Identify the kinematically important points. 

(2) Write the relative velocity equation between the kinematically important 

points, and solve for the equation for the angular velocity w. (We will 


accomplish this step using both scalar and vector notation.) 


b. Guided Solution 
(1) Identify the kinematically important points. 


(i) A is a kinematically important point because 


(ii) O is a kinematically important point because 


Writing the relative velocity equation between points 4 and O will be straightforward 


because both points belong to the same rigid body. 


(continued) 


fi 


Solution I (using scalar notation) 
(2) Complete the following relative velocity equation between A and O by placing each 


of the terms in the dotted boxes using scalar notation. 


Lo = Vo i V 4/0 
| | | | C 
| | | | 
(eer eee nell Pie eee | 
1.5 ft 
| 
A 
i ty A le fe, c— 


In the space below, solve the above equation for the angular velocity. (Express your 


answer using vector notation.) 


+ 


——> 


® = Ans. 


Solution II (using vector notation) 
(2) Write the relative velocity equation between A and O using vector notation. 
The relative velocity equation between points 4 and O is 
Wien oe ie ALI V6 (a) 
Write each of the following terms using vector notation. 


vA= Vo= 


@ (unknown, assumed to be clockwise) = 


ryvo= (refer to the problem figure) 


OX io = 


In the space below, substitute the above terms into Eq. (a) and solve for the angular 


velocity (Express your answer using vector notation.) 


PROBLEM 20.2 

In the position shown, the angular 
velocity of bar AB is 4 rad/s clockwise. 
For this position, determine the angular 


velocities or bars BC and CD. Solve 


using scalar notation (Solution I) 


O,,= 4 rad/s 


and vector notation (Solution II). 


Dimensions in mm 


a. Comments and Analysis 

e You would probably be able to determine the correct directions for the angular 
velocities of BC and CD by inspection of the problem figure. However, without 
attempting to do this, we will simply assume that both directions are 
counterclockwise, and rely upon the signs in our answers to tell us the correct 
directions. 

e The steps that we will use in the analysis are: 

(1) Identify the kinematically important points. 

(2) Write the relative velocity equation between the appropriate kinematically 
important points, and solve for the equation for the angular velocities wgc 
and wcp. We will accomplish this step using both scalar and vector 
notation.) 

b. Guided Solution 
(1) Identify the kinematically important points. 


(i) A and D are kinematically important points because 


(ii) B is a kinematically important point. 
What is the path of B? 

(iii) C is a kinematically important point. 
What is the path of C? 


Writing the relative velocity equation between points B and C will be straightforward 


because both points belong to the same rigid body. 


(continued) 
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Solution I (using scalar notation) 


(2) Complete the following relative velocity equation between B and C by placing each of 


the terms in the dotted boxes using scalar notation. 


Me a Ye Bs VB/C 

i Ca a a a es | ee are te ee ae = 

| | | 
| | 

| | 

om 

| : © B | 0.8m | ! 
| 

| | | 

| | D | | 

[ee SS eee SS | 


In the space below, solve the above equation for the angular velocities wgc and wcp. 
(Indicate CW or CCW in your answers.) 

Eq. (a): > 

Eq. (b): +| 

Solve Eqs. (a) and (b): 


ORC = Ocp= Ans. 


Solution II (using vector notation) 
(2) Write the relative velocity equation between B and C using vector notation. 
The relative velocity equation is Vp = V¢+V,c, which becomes 
O 4B * Ve =ODcp X Wot Mzgc X Vac Eq. (a) 


Write the three angular velocities using vector notation: 


O48 = > Op = ; Mcp = 


Referring to the problem figure, write the three relative position vectors using 


vector notation: 


Weg pe Tp = BC = 


(continued) 
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In the space below, substitute the above terms into Eq. (a) and solve for the angular 


velocities. Express your answer using vector notation.) 


O 4B X Vey =ODcpX Yop t+ Mg X Vac 
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Lesson 21 Instant Centers for Velocity 


Text Reference: Article 16.6; Sample Problems 16.7—16.9 


A. SELF-TEST (To be done after assigned reading has been completed.) 
Note. In this Self-Test, it is assumed that the body is undergoing plane motion. 


1. Define “instant center for velocity”. 


2. When is it necessary to consider the “body extended’? 


3. (a) The acceleration of the instant center of zero velocity is always zero. (T or F) 


(b) The acceleration of the instant center of zero velocity is never zero. (T or F) 


4. When using the method of instant centers: 


(a) the velocity of any point in the body is to the line drawn 


from the point to the instant center. 

(b) the magnitude of the velocity of any point in the body is proportional to the 
distance of the point from the instant center. (TorF) 

(c) the sense of the velocity vector of any point must be consistent with the sense of 


the of the body. 
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B. GUIDED PROBLEMS 


PROBLEM 21.1 


Note: This problem is intended to give you practice in using instant centers for velocity. 


The wheel shown is rolling without 
slipping on the horizontal plane. Using 


the fact that point C is the instant 


center, compute the magnitudes of the A 
velocity of each of the labeled points, 


and show the direction of each velocity 


vector directly on the figure. Dimensions in mm 


(a) vo = be 
(b) v4 = (d) vp = 
(c) vg = (€) ve = 
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PROBLEM 21.2 Cc 
In the position shown, the angular 
velocity of bar AB is 4 rad/s clockwise. 


For this position, determine the angular 


velocities or bars AB and CD using the 0.8m 
method of instant centers. 
,,= 4 rad/s 
Dimensions in mm 
a. Comments and Analysis (\y] D 


e This problem was solved previously as Guided Problem 20.2 using relative lene: 
equations. 

e Recall that ifr is the distance from the instant center of a body to a point on the body, 
then the (magnitude) of the velocity of the point is v = rw, where is the angular 
velocity of the body. The direction of the velocity vector is determined by inspection. 

e The steps that we will use in the analysis are: 

(1) Locate the instant center for bar AB; calculate the velocity of point B. 

(2) Locate the instant center for bar CD; determine the velocity of point C in 
terms of Wcp. 

(3) Using the velocities of points B and C, locate the instant center for bar BC. 

(4) Using the instant center for bar BC, compute the angular velocities wgc. 
and wep. 

b. Guided Solution 

(1) Locate the instant center for bar AB; calculate the velocity of point B. 

Because point 4 is a fixed point, it is the instant center for bar AB. Therefore, the 


velocity of Bis: vg =ra@ 4g = (directed up or down?) 


(2) Locate the instant center for bar CD; determine the velocity of point C in terms 
of Wop. 
Because point D is a fixed point, it is the instant center for bar CD. Therefore, 
assuming that wep is counterclockwise, the velocity of C is 


Vc =r@cp = (directed left or right?) 


(continued) 
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(3) Using the velocities of points B and C, locate the instant center for bar BC. 
The figure at the right shows body BC 

extended. On this figure, (i) draw the velocity 

vector for point B; (ii) draw the velocity vector 

for point C; (iii) locate the instant center of BC 


using the fact that a velocity vector is 


perpendicular to the line from the instant 


_ ‘ Body BC extended 
center. (Label this instant center as point O.) 


(4) In the space below, use point O to compute the angular velocities wgc and wep. 


(Indicate CW or CCW in your answers.) 


WBC = OCD Ans. 


A WORD OF CAUTION!! 

The figure at the right shows 
a common “short-cut” method for 
locating point O. This figure can 
be misleading unless you are very 
careful. Note that the instant 
center O for bar BC appears to lie 
on bar CD, but it does not. The 
instant center O of body BC lies 
on body BC extended. At this 


instant, point O happens to be 


coincident with a point on bar CD. Never assume that the instant center of one body 


lies on a different body. 
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Lesson 22 Method of Relative Acceleration 


Text Reference: Article 16.7; Sample Problems 16.10—16.12 


A. SELF-TEST (To be done after assigned reading has been completed.) 


Note: In this Self-Test, it is assumed that the body is undergoing plane motion. 


1. 


Consider the relative acceleration equation between two arbitrary points A and B on 
the same rigid body undergoing plane motion: a, =a,+@x (@ x rin) OaXTp,. 
Assuming that the relative position vector rg/4 is the only known quantity, what is 
the number of unknowns in each of the other terms: 

(a) age, (Drag, Pe 
Therefore, the total number of unknowns in the equation is (e) 
How many variables must be known beforehand if the relative acceleration equation 
is to be solved? (f) ___. Relative velocity analysis can usually be used to find 


which variable? (g) 


A point for which the acceleration contains less than two unknowns is referred 


to asa point for acceleration. 


List the steps in the application of the relative acceleration method: 


Step |: If the angular velocity of the body is unknown, find it by using the 


method of (a) 
Step 2: Identify two (b) points for acceleration. 
Step 3: Write the relative (c) equation between the points. 


Step 4: Solve the equation if there are how many unknowns? (d) 
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B. GUIDED PROBLEM 


PROBLEM 22.1 

The bar AB is rotating clockwise with 
the constant angular velocity of 4 rad/s. Hiern 
In the position shown, determine the 


angular accelerations of bars BC and O,,= 4 rad/s 

CD. Solve using scalar notation Riss © Diecut rei Iai 

(Solution I) and vector notation 

(Solution II). 

a. Comments and Analysis 

e Referring to the solutions to Guided Problems 20.2 and 21.2 we know that the angular 
velocities of bars BC and CD are wgc = 5.66 rad/s CCW and wep = 3.00 rad/s CCW. 

e The steps that we will use in the analysis are: 

(1) Identify the kinematically important points. 

(2) Write the relative acceleration equation between the appropriate 
kinematically important points, and solve for the equation for the angular 
accelerations a@gc and acp. (We will accomplish this step using both scalar 
and vector notation.) 

b. Guided Solution 
(1) Identify the kinematically important points. 

As discussed in the solution to Guided Problem 20.2, the following are the 
kinematically important points: (1) the fixed points A and D; (ii) point B that travels 
on a circular path centered at A, and (iii) point C, that follows a circular path centered 
at D. 


We will write the relative acceleration equation between points B and C which are 


kinematically important points that belong to the same rigid body. 


(continued) 
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Solution I (using scalar notation) 
(2) Complete the following relative acceleration equation between points B and C. Note 


that the directions of both agc and acp have been assumed to be counterclockwise. 


a, = a an 4 B/C 


aS 


A 06 @ Onc= 5.66 rad/s 
B 0.8 a 
45° SSBC 
O1n= : rad/s Oa, B ae 
O4R= 


Wcp= 3 rad/s 


In the space below, solve the above equation for the angular accelerations agc 


and a@cp. (Indicate CW or CCW in your answers.) 


| 


OCD = Ope = Ans. 


Solution II (using vector notation) 


(2) Write the relative acceleration equation between B and C using vector notation. 


The relative acceleration equation is apg =ac+a@pc, which becomes 
© 45% (@ 46M p74) + 49% Pp = Mcp (McHx Kop) + AeHX Foy + @ pox (scx Fac) + OgcX Tac 


Write the three (known) angular velocities using vector notation: 


4p = > Op = Oen = 


(continued) 
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Write the three angular acceleration vectors (assume that apc and acp are 


counterclockwise) and the three relative position vectors (refer to the problem figure): 


Se ee ee OG > bcp = 


Dea ee ey Se > Fac = 


In the space below, write each term of the relative acceleration equation: 


@ 4B% (0 45 rage 
O 4eXVe/4 = 
cn (@ cp = 
Bcp* Top = 


® Bc (00 pcx eae 


OB acXV ac = 
In the space below, substitute the above terms into the relative acceleration equation 


and solve for the angular accelerations. (Express your answers using vector notation.) 


43% (© 45x py, )+ 45x P3744 =Mcp* (@ ¢px rep )+ &cpX royp + ® pc (© pcx rpc )+@gcx rec 


apc = — ScD Ans. 


Lesson 23 Absolute and Relative Derivatives of Vectors; 


Rotating Reference Frames 


Text Reference: Articles 16.8 and 16.9; Sample Problems 16.13 and 16.14 


Note: Jn this Lesson, it is assumed that the body is undergoing plane motion. 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. The xyz reference frame is fixed in space, the unit vectors along the axes denoted 
by i, j, and k. 


(a) Write a vector V in terms of the fixed axes: 
\W == 
(b) The time derivative of this vector is its absolute derivative. (TorF) __ 
2. The x'y’z' reference frame is embedded in a body B, the unit vectors being i’, j', and 
k'. 
(a) Write a vector V in terms of the embedded coordinates 
\W = 


(b) Write the equation for the relative derivative (relative to the body B) of V: 
(4) E 
dt ) ig 


(continued) 


2 


3. (a) Complete the following relationship between the absolute derivative of a vector 


V and its derivative relative to the body B, where o is the angular velocity of B: 


hee 


(b) Write the above absolute derivative if V is embedded in the body B: 


(4) 


(c) The absolute second derivative of V is 


dt? | dt? 


oa 
if 


| +OxV +ox(0xV)420x( 2%) 
/B d /B 
Write the above absolute second derivative if V is embedded in the body B: 
Gees 
dt? 


4. Consider the relative velocity equation: Vp = V 4+ Vp/4+ Vp gp, where the x'yz’ 


coordinate system is embedded in the body B. 


(a) Point P' moves independently of the body B. (T or F) 
(b) Point P moves independently of the body 8. (T or F) 


(c) What is the relationship between points P’ and P? 


(d) The term that represents the velocity of the origin of the x'yz’ frame is 


(e) Identify which term can be written as: 


(i) (étea (ii) @Xx py: 
‘ae 


(continued) 
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5. Consider the relative acceleration equation: ap =a 4+ @p,4+Ap/gt+ Ac, where the 


x'y'z' coordinate system is embedded in the body B. 
(a) Point P’ moves independently of the body B. (TorF) —__ 
(b) Point P moves independently of the body 8. (TorF) 
(c) The term that represents the acceleration of the origin of the x'y’z'frame is 


(d) Write each of the following terms using rp,, (the relative position vector of P 


relative to A), Vp,g (the velocity of P relative to the body 8), and the angular 


velocity w and angular acceleration @ of the body B. 


Gi) apyy= 
(ii) Apg= 
(iii) ac= 
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B. GUIDED PROBLEMS 
PROBLEM 23.1 


The ends of bar AB remain in contact 
with the surfaces as the bar is falling down. 
In the position shown, the angular velocity of 
the bar is w = 2 rad/s CW, and the small 
collar P is sliding along the bar with the Yr 
velocity relative to the bar of 5 ft/s, directed 


toward A. For this position, determine the 


velocity of P. Solve using scalar notation (Solution I) and vector notation (Solution II). 


a. Comments and Analysis 
e The following are the three points that will be used in our analysis: 
A; the origin of the x'y'-coordinate system that is embedded in bar AB 
P: the collar that is moving along bar AB 
P': the point (not shown) on the bar AB that is coincident with P at this instant 


e The solution involves writing and solving the relative velocity equation 
Ve Va Vey pap 
e This equation is equivalent to two scalar equations. Before attempting to solve the 


equation, we must be certain that it contains only two unknowns. Let us list the 


number of unknowns in each term in the above equation: 
vp There are two unknowns because nothing is known about this velocity vector. 
We will label these unknowns using the Cartesian components of vp: (vp), and (vp),. 
v, This vector would, in general, contain two unknowns. However, performing a 
relative velocity analysis between points A and B will independently determine the 
velocity of point A. Therefore, there will be no unknowns. 
vp, Both P’and A belong to the same rigid bar AB for which the angular velocity is 
known. Therefore, this term contains no unknowns. 
Vp4g_ There are no unknowns because the velocity of P relative to the bar AB is given. 
Observe that the total number of unknowns will be two, (vp), and (vp),, after the 
velocity of point A has been determined by relative velocity analysis. 


(continued) 
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a. Comments and Analysis (continued) 
e The steps that we will use in the analysis are: 
(1) Compute vy by performing a relative velocity analysis between A and B. 


(2) Write and solve the relative velocity equation Vp =V4+Vpy4t Vpyap- 


(We will accomplish this step using both scalar and vector notation.) 


b. Guided Solution 
(1) Compute v4 by performing a relative velocity analysis between A and B. 
The velocity of point A can be found using the relative velocity equation 
V4=Vg+ Vy, or by using the method of instant centers. Omitting the details, the 
velocity of point A in the position shown is 15.32 ft/s, directed to the left. 
Solution I (using scalar notation) 
(2) Write the relative velocity equation using scalar notation. 
Complete the following relative velocity equation by writing each term in the dotted 


boxes using scalar notation. 


Vp — v, + 
(vp)s adele 
| 
| | 
(Vp)y ee 


In the space below, solve the above equation for (vp), and (vp). Determine the 


velocity of the collar P. Express your answer using vector notation. 


+ 


——> 


Vp= Ans. 


(continued) 
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Solution II (using vector notation) 

(2) Using vector notation, write each of the terms on the right side of the relative velocity 
equation Vp = V4tVpiy4t+V pap. 
V,= 
O= rpy4 = 

Vpyg =OXT pi 4 = 

V P/AB — 

Substitute the above terms into the relative velocity equation and compute the 


velocity of the collar P. 


Wp 


a7 


PROBLEM 23.2 

The ends of bar AB remain in contact with 
the surfaces as the bar is falling down. In the 
position shown, the angular velocity of the 
bar is w = 2 rad/s CW, and its angular 
acceleration is a = 3 rad/s* CCW. The small 
collar P is sliding along the bar with the 
velocity and acceleration relative to the bar 


of 5 ft/s and 10 ft/s’, respectively, both 


directed toward A. For this position, y : 


determine the acceleration of P. Solve using scalar notation and vector notation 


a. Comments and Analysis 
e The following are the three points that will be used in our analysis: 

A: the origin of the x’y'-coordinate system that is embedded in bar AB 

P: the collar that is moving along bar AB 

P': the point (not shown) on the bar AB that is coincident with P at this instant 
e The solution involves writing and solving the relative acceleration equation 


Ap =A,tApyytApyptac  (acis the Coriolis acceleration) 


e This equation is equivalent to two scalar equations. Before attempting to solve the 
equation, we must be certain that it contains only two unknowns. Let us list the 
number of unknowns in each term in the above equation: 
ap There are two unknowns because nothing is known about this acceleration vector. 
We will label these unknowns using the Cartesian components of ap: (ap), and (ap),. 
a, This vector would, in general, contain two unknowns. However, performing a 
relative acceleration analysis between points A and B will independently determine 
the acceleration of point A. Therefore, there will be no unknowns. 
ap'4 Both P’and A belong to the same rigid bar AB the angular velocity and angular 
acceleration are known. Therefore, this term contains no unknowns. 
ap 4g There are no unknowns because the acceleration of P relative to the bar AB is given. 


a: There are no unknowns because the angular velocity @ and vp 4x are given. 


(continued) 


98 


a. Comments and Analysis (continued) 
Observe that the total number of unknowns will be two, (ap), and (ap),, after the 
acceleration of point A has been determined by relative acceleration analysis. 
e The steps that we will use in the analysis are: 
(1) Compute a, by performing a relative acceleration analysis between A and B. 


(2) Write and solve the relative acceleration equation a p=AygtApyyt+ Appt ac. 


(We will accomplish this step using both scalar and vector notation.) 


b. Guided Solution 
(1) Compute a, by performing a relative acceleration analysis between A and B. 

The acceleration of point A can be found using the relative acceleration equation 
a4=agtayg. Omitting the details, the acceleration of point A in the position shown 
is 48.69 ft/s’, directed to the right. 

Solution I (using scalar notation) 
(2) Write the relative acceleration vector using scalar notation. 
Complete the following relative acceleration equation by writing each term in the 


dotted boxes using scalar notation (units ft/s’). 


so) ae lain she apy, 7) aG 
fcaperaen ea Raha ee jie a (ooeee ; 
(4p)y | ber | | | | | 
(ap) eae er) len this epentiat | | 
oa | | | - 
| lo = 2 rad/ 
Y/ pr | @ = 2 radigy— | 
: oa =3 rad/s? ¥ | | 50 | 
| 50° | | | 
4 | | Meno $ Ae 
fi @ = 2 rad/s | 
In the space below, solve the above equation for (ap), and (ap),. Determine the 
acceleration of the collar P. Express your answer using vector notation. 
+ 
— > 
| 
ap = Ans 
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Solution II (using vector notation) 


(2) Using vector notation, write each of the terms on the right side of the relative 


acceleration equation ap =a,+€Apj4t+Apyptac. 
a, = 
Os | Pp) 4 = 


A py = OX (OX rp 4)+OX Ep, 4 


ae 


4 p/aB = 
Ac =2OXVpyg = 


Substitute the above terms into the relative acceleration equation and compute the 
acceleration of the collar P in the space below. 


ap = 


ap = Ans 
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Lesson 24 Mass Moment of Inertia; Composite Bodies 


Text Reference: Articles 17.1 and 17.2; Sample Problems 17.1 and 17.2 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. 


A body of mass m occupies a region V. Letting r be the perpendicular distance from 
the a-axis to the differential mass dm, write the defining equation for the moment of 


inertia of the body about the a-axis: 


= 


a 


The moment of inertia of a body of mass m about the a-axis is /,. Write the defining 
equation for the radius of gyration of the body about the a-axis: 
ke = 


The radius of gyration is a physical measurement. (T or F) 


What is meant by the central a-axis? 


In words, define each of the terms that appear in the parallel-axis theorem: 
ie = i ate md? 


ayele 


(b) Ta: 


(c) m: 


(d) d: 


6. The method of composite bodies follows from which property of definite integrals? 
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B. GUIDED PROBLEM 


PROBLEM 24.1 

The assembly consists of three 
homogenous slender bars that are 
connected together. Compute the 
mass moment of inertia of the 
assembly about the x-axis. 


a. 


Comments and Analysis 
Referring to the tables in your textbook, the inertial 


properties of the slender bar shown at the right are: 


2 
Sag gia 1, ~0 


zi 


The mass moment of inertia of the assembly about the x-axis equals the sum of the 
mass moments of inertia about that axis for the three bars that form the assembly. 
Because the x-axis for the assembly is not the central axis for any of the bars, our 


solution will involve using the parallel-axis theorem for each bar. 
The parallel-axis theorem is /, =, +md*, where m is the mass of the body, J, is the 
moment of inertia of the body about the a-axis, /, is the moment of inertia of the 


body about the central a-axis, and d is the distance between the two axes. 


The steps that we will use in the computation are: 
(1) For each bar: (1) calculate Ie (ii) refer to the problem figure to determine 


the distance d between the central x-axis and the x-axis, and 
(ii1) use the parallel-axis theorem to calculate /,. 


(2) Sum the moments of inertia about the x-axis for the three bars. 


(continued) 
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b. Guided Solution 
(1) Calculate 7, and then /, for each bar. 


Bar AB 
[= 
d= 
Ta ida 

Bar BC 
[= 
d = 
[,=1,+md*= 

Bar CD 
[= 
d= 
I, =1,+md *= 

(2) Calculate /, for the assembly. 
(1, ee Ss XI.) 
(7, ato ai Ans. 


a 
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Lesson 25 Angular Momentum of a Rigid Body, Equations of Motion; 


Force-Mass-Acceleration Method 
Text Reference: Articles 17.3-17.5; Sample Problems 17.3—-17.9 


Note: The angular momentum equations presented in Art. 17.3 were used exclusively to 
derive the equations of motion for a rigid body in Art. 17.4. The angular momentum 
equations will be used in the impulse-momentum method of analysis in Chapter 18. 
Therefore, this Lesson focuses only upon application of the equations of motion to the 
plane motion of a rigid body. 


A.1 SELF-TEST (To be done after assigned reading has been completed.) 
1. Identify each of the terms in the equations of motion for a rigid body: 2F =ma. 


(a) UF: 


(b) m: 


(Cia: 


2. The moment equation for the plane motion of a rigid body of mass m can be written 
as LM, = la+mad, where A is an arbitrary point. Identify each of the following 
terms: 


(a) The term I refers to 


(b) The term a refers to 


(c) The term @ refers to 


(d) The term d refers to 


3. Consider the special case of the moment equation for a rigid body: 2M, = Iya. 
Assuming that point A is not the mass center, what are the conditions on the choice 


of point A for this equation to be valid? 


Note: Assuming that the moment equation 2M, = J, a is valid for any point A is a 
a very common mistake. 


(continued) 


104 


4. Write the moment equation if the moment center is chosen to be the mass center G 
ofarigid body: LMG= 


5S. In general, the number of independent equations of motion for the plane motion of a 


rigid body is 


6. The mass-acceleration diagram (MAD) consists of the vector ma, called the 


(a) , and the couple Ja, called the (b) 


On the MAD the vector m@ is shown acting at (c) 


7. The equations of motion for a rigid body can be determined using the equivalence of 


the FBD and the MAD. (T or F) 


8. Describe the MAD for a translating rigid body. 


9. Describe the MAD for a body that is rotating about its mass center: 


A.2 GENERAL COMMENT 
You will notice that there are seven sample problems that follow the reading 
assignment for this lesson. These problems can be classified as follows: 
(i) translation (Sample Problem 17.3) 
(ii) rotation about a fixed point (Sample Problems 17.4—17.6) 
(iii) general plane motion (Sample Problems 17.7—17.9) 
Although there are three different classifications, be sure to recognize that the method of 
analysis for each problem is the same: 
(1) draw the FBD 
(2) analyze the kinematics 
(3) draw the MAD 


(4) derive and solve the three equations of motion 
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B. GUIDED PROBLEMS 


The uniform slender bar is 10 ft long and weighs 


y 
20 lb. The ends 4 and B of the bar are connected 
ical 


to collars that slide on rails that lie in the vertical 

plane. The bar is sliding to the right under the 

action of the force P = 8 lb. Determine a, the 

acceleration of the mass center of the bar, and the forces acting on the collar at A and B. 

Neglect friction and weights of the collars. 

a. Comments and Analysis 

e Itis convenient to draw the free-body diagram (FBD) and mass-acceleration diagram 
(MAD) of the assembly consisting of the bar and the collars. (We would remove the 
collar from these diagrams only if we were interested in the pin reactions acting 
between the collars and the bar.) 

e In general plane motion, the MAD would contain three terms: the inertia couple Ja, 


and two scalar components of the inertia vector vector ma. In this problem, the bar 


is translating in the x-direction. Therefore, Ja (a = 0) and ma y will not appear on the 


MAD. 
e The steps that we will use in the analysis are: 
(1) Draw the FBD and MAD of the assembly. 
(2) Determine the total number of unknowns on the FBD and MAD. Compare 
this number with the number of independent equations of motion. 
(3) Write and solve the equations of motion to determine the requested 
unknowns. 


(continued) 
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b. Guided Solution 
(1) Draw the FBD and MAD for the assembly using the figures below. Label the 
reactions at A and B as Ny and Nz, both assumed to act upward. Assume the inertia 


vector (magnitude @ ) is directed to the right. Calculate the distances a, b, and c. 


FBD MAD 
(2) The number of unknowns on the FBD is . The number of unknowns on the 
MAD is . Therefore, the total number of unknowns is . The total 


number of independent equations of motion is 


(3) In the space below, compute the Ny, Ng, and @ using the equations indicated: 


Lh, = ma, 


te 
— 


=(M 4)esp = =(M 4) map 
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PROBLEM 25.2 cota imag/> 
The uniform thin hoop, with mass m = 6 kg and 

radius R = 1.2 m, rotates in a vertical plane about the 
pin O. In the position shown, the angular velocity of 
the hoop is w = 3 rad/s, clockwise. For this position, 


compute the angular acceleration a of the hoop, and 


Ro, the magnitude of the pin reaction at O. 


a. Comments and Analysis 
e The MAD will contain three terms: the inertia couple /a, and the two scalar 
components of the inertia vector ma. Because the hoop is rotating about a fixed 
point, the path of the mass center G will be a circle centered at O. Therefore, it will 
be convenient to describe the inertia vector in terms of its normal and tangential 
components. 
e The steps that we will use in the analysis are: 
(1) Draw the FBD of the hoop. 
(2) Draw MAD for the hoop. 
(3) Determine the total number of unknowns on the FBD and MAD. Compare 
this number with the number of independent equations of motion. 
(4) Write and solve the equations of motion to determine a and Ro. 


b. Guided Solution 


FBD MAD 


(1) On the figure above, draw the FBD of the hoop. Show the components of the pin 
reaction at O as the normal-tangential components, O,, and O, (assume that each 
component acts in the positive coordinate direction shown). 


(continued) 
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(2) Preliminary computations required for the MAD: 
Calculate / for the hoop: 7 = 


Calculate the normal and tangential components of the inertia vector: 


ma, =mro° = 


ma, = mra = 
Using these values, draw the MAD for the hoop on the above figure (assume a is 


clockwise). 
. The number of unknowns on the 


(3) The number of unknowns on the FBD is 
aT ie The total 


MAD is . Therefore, the total number of unknowns is 


number of independent equation of motion is 


(4) In the space below, compute O,, O,, and a using the equations indicated: 
(Mo )epp = =(Mo) map 


CG 


Note: The moment equation 2(M5)rgp =/oa will yield the same result for a. 


LF, = ma, 
bo 
LF, = ma, 
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PROBLEM 25.3 

The uniform slender 8-ft bar weighs 30 lb. The bar is 
released from rest in the position shown. For this 
position, compute the angular acceleration a of the bar, 
the acceleration a, of the roller at 4, and Ny, the reaction 


at A. Neglect the weight of the roller. 


a. 


P=61b 


Comments and Analysis 
The only kinematic constraint is the path of A is a horizontal straight line. Therefore, 
the bar will undergo general plane motion. 
For general plane motion, the MAD will consist of three terms: the inertia couple la 
and the two scalar components of the inertia vector ma. The solution to this 
problem will involve kinematic analysis to relate the acceleration of the mass center 
G to the acceleration of the kinematically important point A. 
Because the bar is released from rest, there is no angular velocity in the position 
shown. 
The steps that we will use in the analysis are: 
(1) Draw the FBD of bar. 
(2) Write the relative acceleration equation between G and A to find a in terms 
of the angular acceleration a of the bar. 
(3) Calculate J for the bar and draw its MAD. 
(4) Determine the total number of unknowns on the FBD and MAD. Compare 
this number with the number of independent equations of motion. 


(5) Write and solve the equations of motion to determine a, ay, and Ny. 


(continued) 
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b. Guided Solution 
(1) Draw the FBD on the figure below. 


FBD MAD 
B B 
4 ft y 4 ft 
G on G 
4 ft 4 ft 
A A 


(2) Complete the following relative acceleration equation between points G and A. 
Assume that a is CW and that ay, is directed to the right. (The equation below is 
written using scalar notation. The equivalent equation using vector notation could 


have been used.) 


AGIA 


4 ft 
o=0 


Therefore the kinematic relationship between ag and a@ is ag = 


2 Be I? 
(3) Calculate 7 for the bar: J = con Sy 


Using / and the results of the relative acceleration equation in Step (2), draw the 


MAD for the bar in the figure in Step (1). 


(4) The number of unknowns on the FBD is . The number of unknowns on the 
MAD is . Therefore, the total number of unknowns is . The total 
number of 


independent equation of motion is 


(continued) 
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(5) In the space below, compute a, a4, and N, using the equations indicated: 


; Na 


[12 


Ans. 


Lesson 26 Work, Power of a Couple; Kinetic Energy of a Rigid Body 


Text Reference: Articles 18.1-18.3; Sample Problems 18.1-18.3 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. The work done by a couple is derived by computing the work done by its two 
forces. (Tonk) — 


2. (a) Write the equation for the work done by a couple C of variable magnitude for 
plane motion, where 6, and 6) are the initial and final angular positions 


measured from a convenient reference line. 
Cio 


(b) Write the equation for the work done if the magnitude of the couple C remains 


constant during the angular rotation from 6) to 42. 
Uj2= 


3. (a) A 10-N-m constant clockwise couple rotates through a clockwise angle of 30°. 
Calculate the work done by the couple. 


Uia= 


(b) Calculate the work done by the couple in part (a) if the rotation is 


counterclockwise. 
hi>= 


4. Calculate the power P in watts for a 10-N-m constant clockwise couple that 


is rotating counterclockwise with an angular velocity of 20 rad/s. 
P = 


(continued) 
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5. The kinetic energy T of a rigid body undergoing plane motion can be written as 
Tene 
2 Z 


Identify each of the following terms: 


(a) m: 


(b) v: 


(jGwk 


(d) w: 


6. The kinetic energy of a rigid body in plane motion can be calculating using the 
equation T= ; 1 ,@°. What restriction must be placed on the choice of point A 


for this equation to be valid? 
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B. GUIDED PROBLEMS 


Clb tt 
EDI S 


PROBLEM 26.1 

The two 8-lb blocks A and B hang from cables that are 
wrapped around the 20-lb homogeneous pulley. The pulley 
is rotating about a pin at its center of gravity G. If the 
constant clockwise couple C = 1.2 lb-ft is applied directly to 


the pulley, determine the work done on the system during 


one clockwise revolution of the pulley. 

a. Comments and Analysis 

e The total work done on the system is the sum of the work done by the weights of the 
blocks and the couple C. The weight of the pulley does not do work because the 
center of gravity does not move, the cable tensions are internal workless forces, and 


the pin reaction is an external workless force. 


b. Guided Solution 
(1) Calculate each of the following items for a clockwise rotation of one revolution 
(a) Couple C 
The clockwise angle turned through (in radians): A@ = 
(U2 J Tt 
(b) Weight of A 
The distance d, moved by the weight of A: 


re Wes (does A move up or down?) 


(U2 yy = 


(c) Weight of B 
The distance dg moved by the weight of B: 


ap= (does B move up or down?) 


(U2 Me = 


(2) Compute the total work done: 


(U l=? Nag = Ans. 


PROBLEM 26.2 Opy= 4 rad/s 


CTS 


In the position shown, the 
homogeneous cylinder is rolling R= 0.6 ft 
without slipping with the clockwise 


angular velocity Wcyi = 4 rad/s. The 


weights of the block A, the uniform 
slender bar AB, and the cylinder are shown in the figure. Determine the total kinetic 
energy of the system in this position. 

a. Comments and Analysis 

e The steps that we will use in the analysis are: 

(1) Using relative velocity analysis, compute the velocity v4 of the block A and 
the angular velocity w4g of bar AB. (We choose to use the method of instant 
centers.) 

(2) Calculate the kinetic energy of each part of the system. 

(3) Sum the kinetic energies of the parts to obtain the total kinetic energy of the 


system. 


b. Guided Solution 
(1) Compute v4 and w 4, using the method of instant centers. 

We begin by noting that point C is the instant center of the cylinder and that v, is 
horizontal. The figure below shows the geometric construction that was required to 
determine the location of point E, the instant center for bar AB: 

(1) vg is perpendicular to BC because B is a point on the cylinder 
(ii) EB was drawn perpendicular to vg 
(111) EA was drawn perpendicular to v4 
(iv) After locating point FE, trigonometry was used to determine the distances 


shown in the figure (G is the center of gravity of bar AB) 


(continued) 
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E (Instant center for AB) 


Body AB extended Using instant centers, calculate 


the following velocities 


Dimensions in feet = 
ooceEerwa_a Dm““as‘w“«_' VB 


1.697 pe 


(2) Calculate the kinetic energy of each part. (Refer to the tables for inertial properties.) 


Cylinder 
I, =1+md’ = 
l 2 
Toh Bic Py 
Bar AB 
2 
Tp ea sso 
Block A 


l 2 
T, ~ 5AM A = 


(3) The total kinetic energy of the system becomes: 


T, To Beg 


otal — 


Total = Ans. 
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Lesson 27 Work-Energy Principle and 


Conservation of Mechanical Energy 


Text Reference: Article 18.4; Sample Problems 18.4—18.6 


A. SELF-TEST (To be done after assigned reading has been completed.) 


1. Identify each term in the work-energy principle for a system of connected rigid 


bodies: (U le +(U,_,).,, = AT. (Subscripts 1 and 2 refer to the initial and final 


int 


positions of the system, respectively.) 


(a) (Cis) : 


(b) (ce 


() AL: 


2. Indicate whether each of the following is “workless” or “capable of doing work” on 


a system of rigid bodies when it is infernal to the system. 


(a) Smooth pin connection: 


(b) Spring: 


(c) Friction force: 


(d) Inextensible string: 


3. For the mechanical energy of a system of connected rigid bodies to be conserved, 


both internal and external forces must be conservative. (T or F) 


118 


B. GUIDED PROBLEM 


PROBLEM 27.1 

The 10-kg slender bar, 500 mm long, is attached to rollers 4 and B. The unstretched 
length of the spring is 350 mm and the spring constant is k= 800 N/m. The system is 
released from rest in Position 1, where the length of the spring is L; = 500 mm. 
Determine the angular velocity @ of the bar when it reaches the vertical position shown 


in Position 2. Neglect friction and the masses of the rollers. 


ae ali ipsiconaed 


Position (1) Position (2) 


a. Comments and Analysis 
e This problem is well-suited for solution by the work-energy method because it 
involves the change in velocity that occurs during a change in position.. (The 
conservation of mechanical energy could also be used.) 
e The steps that we will use in the analysis are: 
(1) Calculate work done by the spring between Positions | and 2. 
(2) Calculate work done by the weight W of the bar between Positions | and 2. 
(3) Write the expression for the kinetic energy of the bar in the Positions 1 
and 2. 
(4) Write the work-energy principle between Positions | and 2, and solve for the 


final angular velocity w of the bar. 


(continued) 
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b. Guided Solution 
(1) Calculate the work done by the spring between Positions | and 2. 
Unstretched length of the spring: Lo = 
Position 1: Length of spring: L; = Deformation: 6; = LZ, — Lo = 
Position 2: Length of spring: L2 = 
Deformation: 02 = lz — Lo = 


The work done by the spring between Positions | and 2 is: 


l 
(U2 let may a K(63 ~~ oy E 
(2) Calculate the work done by the weight W of the bar between Positions 1 and 2. 
The vertical distance upward that G moves between Positions | and 2 is: 
Ah= 
The work done by the weight W between Positions | and 2 is: 


(U,-2 Wy =aWiAh= 


(3) Write the expression for the kinetic energy of the bar in Positions | and 2. 


Position 1: 7) = 
Position 2: The instant center for the bar in position 2 is located at point : 


The moment of inertia about that instant center is (refer to tables): 


Therefore, the kinetic energy in position 2 is 


T, = 5 Fic.) = 


(4) Write the work-energy principle between Positions 1 and 2, and solve for the final 


angular velocity w2 of the bar: (Ue ee +(U,_, Wy =7,-T, 


@2= Ans. 
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Lesson 28 Momentum Diagrams; Impulse-Momentum Principles 


Text Reference: Article 18.5 and 18.6; Sample Problems 18.7—18.11 


Note: The reading assignment brings together topics that you have studied previously. 
Article 18.5: Reviews the concept of angular momentum of a rigid body (Art. 17.3). 
Article 18.6: Applies impulse-momentum for systems of particles (Arts. 14.6 and 15.7) 


to rigid body motion. 
A. SELF-TEST (To be done after assigned reading has been completed.) 
1. The angular momentum of a rigid body about an arbitrary point can be obtained 


from the momentum diagram of the body. (T or F) 


2. The momentum diagram for a rigid body consists of the following two items: 


the linear momentum vector p = mV acting at the mass center G, and the angular 
momentum (couple) hg = Tw. 


Identify each of the following terms: 


(a) m: 


(b) v: 


(o 


(d) w: 


3. If point A is the instant center for velocity, the angular momentum about A can be 


calculated using the equation h4 = J,@. (Tor F) 


4. A homogeneous slender rod is rotating clockwise about one of its ends. The 


angular momentum about all points on the bar is also clockwise. (T or F) 


5, The point about which the angular momentum of a rotating rigid body is zero is 


called the 


(continued) 


all 


6. Consider the linear impulse-momentum equation for a rigid body, L,_, =Ap. 
(a) L,_, represents the linear impulse of external forces only. (T or F) 


(b) If L,_, =0, linear momentum is conserved. (T or F) 


7. Consider the angular impulse-momentum principle for a rigid body: 
(A4)-2 a (hy), 5 (h,), 


What are the two choices for point A for which this equation is valid? 


(a) and (b) 


8. When the impulse-momentum principles are applied to a system of connected rigid 


bodies, the impulses refer to forces that are both internal and external. (T or F) 


[22 


B. GUIDED PROBLEMS 


PROBLEM 238.1 

The unbalanced 30-kg wheel rolls without slipping 
on the horizontal plane. When the wheel is in the 
position shown, determine its angular momentum 


about points C and A. The moment of inertia of 


the wheel about its mass center G is J = 6 kg-m’. 


a. Comments and Analysis 
e The steps that we will use in the analysis are: 
(1) Calculate y, the velocity of the mass center G, and the momentum my. 
(2) Calculate the angular momentum about G. 
(3) Draw the momentum diagram for the wheel. 
(4) Using the momentum diagram, compute hc (the angular momentum about 
point C) and h, (the angular momentum about point 4.) 
b. Guided Solution 
(1) Use the fact that C is the instant center, 


calculate v and the momentum: po beara 
y= 
mv = 

(2) Calculate the angular momentum about G: 

(3) Draw the momentum diagram on the figure shown. 


(4) Using the momentum diagram, compute the angular momentum about C and the 


angular momentum about A. (Be sure to report the correct direction in your answer.) 
he 
Celis 
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PROBLEM 28.2 

The cable attached to the 70-lb block B is 
wrapped around the inner radius of the drum. 
At the instant shown, the drum is rotating 
about its center of gravity G with the 
clockwise angular velocity w, = 18 rad/s. 
Determine the weight W of block A that will 
bring the system to rest in 10 seconds from 
the instant shown. The coefficient of kinetic 
friction between 4 and the drum is 0.2, and 


the central moment of inertia of the drum is 
1 = 12 slug-ft’. 


a. Comments and Analysis 


e Because this problem is concerned with the change in velocity that occurs during a 


time interval, we will use the impulse-momentum method. 


e By choosing to analyze the system of the drum and the block B, we will not be 


involved with the cable tension because it will be an internal force. 


e The steps that we will use in the analysis are: 


(1) Draw the following three diagrams for the system of the drum and block B: 


(1) free-body diagram (FBD) 
(11) initial momentum diagram 


(i11) final momentum diagram 


(2) Write the angular impulse-angular moment equation about G and solve for 


the weight W. 


(continued) 
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b. Guided Solution 
(1) On the figures below, draw the following diagrams for the system consisting of the 
drum and the block B: 
(i) FBD: Equilibrium analysis of the block 4 would reveal that the force exerted 
on the drum by 4 is simply its weight W. Be sure to show the friction 
force acting in its correct direction. 
(ii) Initial momentum diagram for the system (let the time be ¢ = 0). 
For the drum: Jw = 
For block B: mv = 
(iii) Final momentum diagram for the system (let the time be f= 10 s). Note that this 


diagram will be empty because the system is at rest. 


6 e) e 
a2 B B 


(i) FBD of system (ii) Initial momentum diagram (iii) Final momentum diagram 
during motion for system (ft = 0) for system (t= 10s) 


(2) Write the angular impulse-angular moment equation about G and solve for W. 


(Al \e me (Ag 8 - (Ag ), 


cy 


W= Ans. 
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Lesson 29 Rigid Body Impact 


Text Reference: Articles 18.7; Sample Problems 18.12 and 18.13 


Note: The analysis of rigid body impact uses the same principles that you learned when 
studying the impact of particle systems in Arts. 15.8 and 15.9. As a review of the 
concepts related to impact problems, Questions 1-4 in the following Self-Test are 
taken from Lesson 17. As discussed in your textbook, the coefficient of 


restitution is not relevant to our study of rigid body impact. 


A.1 SELF-TEST 


1. (Review) 
The contact forces caused by the collision of two particles are called 


(a) forces. What notation is used to indicate these forces 


on free-body diagrams? (b) 


2. (Review) 


What is meant by stating that the impact of two particles is plastic? 


3. (Review) 


“Motion for which the time of impact At > 0 is called motion. 


4, (Review) 
When the time of impact is infinitesimal for two impacting blocks, the following 
conclusions can be made for the impact interval: 


(a) the magnitudes of impact forces are 


(b) the impulses of finite forces 


(c) the accelerations of the blocks are 


(d) the locations of the blocks 


(continued) 
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Two rigid bodies collide. If the motion is assumed to be impulsive, the angular 


impulse equals change in angular momentum is valid for a// points during the 


impact? (T or F) 


The general steps in the analysis of rigid body impact are: 


(1) Draw the diagram of the impacting bodies. 

(2) Draw the diagram immediately before impact 
(3) Draw the diagram immediately after impact 
(4) Derive and solve the appropriate | equations 


7 


B. GUIDED PROBLEM 


PROBLEM 29.1 

The 5-kg bar homogeneous bar AB is y ee OU ee el 
initially at rest, supported by a pin at A ae DE + 

and a peg at B. The bar is struck by a 60%, Nis ~ 950 m/s 
0.3-kg bullet C traveling at the speed Dimensions in mm oO 


(vc), = 250 m/s, directed as shown. The bullet becomes embedded in the bar. 
Determine the angular velocity w2 of the bar immediately after the impact. Neglect the 
time of impact. (Note that the subscripts 1 and 2 refer the time immediately before and 


immediately after impact, respectively.) 


a. Comments and Analysis 
e Because the time of impact is negligible, the bar and bullet are in the same position 
before and after impact. 
e The steps that we will use in the analysis are: 
(1) Identify the impulsive forces on the FBDs of bar and bullet during impact. 
(2) Draw the following three diagrams for the system of the bar and bullet: 
(1) free-body diagram (FBD) during impact 
(11) initial momentum diagram 
(iii) final momentum diagram 
(3) Apply the impulse-momentum principle to determine the angular 
velocity w2 of the bar immediately after the impact 
b. Guided Solution 
(1) The figure below shows the free-body diagrams of the bar and the bullet during 
impact. (The dimensions have been omitted for clarity.) Using carets over the 


appropriate letters, indicate which of the forces shown are impulsive forces. 


FBD's during impact 


Ne 0.3(9.81)N 
(Use carets to indicate impulsive forces) 


(continued) 
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(2) On the figures provided, draw the following diagrams for the system: 


(i) FBD: Show only the impulsive forces. 


A 600 300 «2B 


(i) FBD of system during impact showing only impulsive forces 


(11) Momentum diagram for the system before impact. 


For the bullet: mv; = 


. 


(ii) Momentum diagram for system immediately before impact 


(iii) Momentum diagram for the system after impact (in terms of w2, CCW). 


For the bullet: mv2 = 


2 
For AB: j= = my = 


y B 


ets Ion won| 
Bese uaa ote 


(iii) Momentum diagram for system immediately after impact 


(3) Apply the impulse-momentum principle to determine @. 
(AI iy ™ (h, i: a (A, ) 


*») 


Ans. 
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APPENDIX A: ANSWERS TO SELF-TESTS 


LESSON 1 


1. particle 2.rigidbody 3.kinematics 4. kinetics 5. (a) absolute; (b) relative 


6. force-mass-acceleration, work-energy; impulse-momentum 7, (a) cass ; (b) les 
dt dt 
2 
8. position vector 9, (a) v= oe ;(b) a= aN (c) a= aan, 10. displacement 
dt dt dt’ 


11.(a)T;(b)F 12. speed is magnitude of velocity 13. F/L” 
LESSON 2 

1. (a) r=xit yj + zk; (6) V=v, itv, jtv, k=xit+ yj+zk; 

(c) a=a,i+a,jta,k=xi+yj+Zk 2. particle moves in a plane 

3. particle moves along a straight line 4. eliminate all terms involving i 

5. eliminate all terms involvingiandj 6. if the particle reverses direction 
LESSON 3 

1. force-mass-acceleration method 2. all forces that act on the particle 

3.ma 4. mass-acceleration diagram (MAD) 5, DF. = ma,; UF, =0) XE =o 


LESSON 4 


1. the motion in one direction is independent of the motion in the other two directions 
P= fAVo x, (3 =F» VD = TAVs 2) 0) 3. numerical methods 


4, uncoupled 
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LESSON 5 


1. the distance measured along the path from a fixed point 
2. (a) velocity vector (b) magnitude of velocity vector (speed) 
(c) acceleration vector (d) radius of curvature of the path 
(e) normal component of acceleration _(f) tangential component of acceleration 
3. center of curvature of the path 4. of increasing s 
5. tangential component 6. normal component 7. normal component 
8. time does not enter explicitly 
LESSON 6 
1. radial 2. (a) er ; (b) 0 3. (a) R;(b) RO 
4.(a) R-RO?;(b) RO+2RO 5.theradiusofthe circle 6.e,=k 
LESSON 7 
1. (1) free-body diagram; (2) acceleration; (3) mass-acceleration diagram; 
(4) equations of motion 2. Step 2 


LESSON 8 
dU Badr 2k 3. the component of dr that is parallel to the force 


4. (a) T; (b) F Seles =Wh =180(100sin 45° )=12 730 Ib: ft 

6. U,_. =-—K(62 -8?)=-~(80)(0.8) -- 0.6 |=-11.20N 

OO ods races 8) —(-0.6)" J=—-11. -m 
1.7 = my" = 5 (0.84) = 6.40 N-m 8. work is a scalar quantity 


9. work by the resultant force acting on a particle equals its change in kinetic energy 


10. the forces that do work 
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LESSON 9 


1. its initial and final positions 2. potential energy 3. potential energy 


l 


4. potential and kinetic 5. its path 6. T 7 —kd* 8. Wh 
p 


LESSON 10 

1. time rate of doing work 2. dU/at 3.Fev 4. power is a scalar quantity 
5. input 6. output 7. (output power / input power) x 100% 

LESSON 11 

1. \ Fat 2.7 3.T 4.mv S.dp/dt 6.Ap 7.0 8 T 

9. (a) Li-2; (b) Ui-2 ; (c) Ap; (d) AT 

LESSON 12 

ie z Mudt 2.FLT — 3.(a) position vector of the particle relative to point 4; 
(b) mass of the particle; (c) velocity of the particle 4.F 5. (A4)2—- (Aa) 

6. a fixed point Teal 

LESSON 13 

1. (a) absolute; (b) relative 2. (a) — rap; (b) V4 + Vaya; (C) — awa; (d) ag t apy 


Bakimaal 


LESSON 14 


1. kinematic constraints 2. (a) kinematic; (b) position 3. kinematically independent 


Arey S. CG — B 
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LESSON 15 


1. they occur in equal and opposite pairs 2. (a) sum of forces acting on the particle; 
(b) mass of the particle; (c) acceleration of the particle 

3. (a) sum of external forces acting on the system; (b) total mass of the system; 
(c) acceleration of the mass center of the system 

LESSON 16 

1. (a) work done by external forces; (b) work done by internal forces; 

(c) change in kinetic energy of the system 2. spring forces and friction forces 
3.T 4. (a) linear momentum of the sytem; (b) total mass of the system; 

(c) velocity of the mass center of the system 5.F 6.F 

7. fixed point and mass center 8. (a) T; (b) F 

LESSON 17 

1. (a) impact; (b) a caret above aletter 2. velocities of the two particles are the 
same afterimpact 3.impulsive 4. (a) infinite; (b) negligible; (c) infinite; 

(d) donot change 5. (a) momentum; (b) free-body; (c) momentum 

LESSON 18 

1. elasticity 2. line ofimpact 3. (a) direct; (b) oblique 

4. coefficient of restitution 5.1 6.0 7. @=Vsep/ Vapp 


8. components directed along the line of impact 
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LESSON 19 


1. all real bodies deform under load 2. plane 3. (a) translation; (b) rotation; 
(c) general plane motion 4. angular position coordinate 5. O(t + At) — Of) 

6. all lines in the body have the same angular displacement _7. (a) angular velocity; 
(b)@ 8. (a) angular acceleration; (b)a 9. (a) F; (b) T; (c) T 

10. a circle of radius R centered on the axis of rotation 


2 
Vv 


11. (a) v= Ra; (b) a, = Ra’ == =va; (0) a,=Ra 


12. (a) v=@xr;(b) a, =@xv=0x(@x r); (c) a,=axr 

LESSON 20 

1. (a) F;(6)T;(c)T 2. (a) raz; (b) rp’; (c) rea; (d) Oxrp,4; 

(ec) @x(@xrp,); (axe, 3.F  4.(a)5;(b)3 

5. kinematically important point for velocity _ 6. its velocity is tangent to the path 
7.(a) kinematically important; (b) relative velocity; (c) 2 

8. (a) Rw; (b) Ra; (c) @; (c)a 

LESSON 21 

1. point on the body that has zero velocity at instant under consideration 
2. when the instant center does not lie on the body _ 3. (a) F; (b) F 

4, (a) perpendicular; (b ) T; (c) angular velocity 

LESSON 22 

1. (a) 2; (b) 2; (c) 1; (d) 1; (e) 6; (f) 4; (g) @ = ~—-2. kinematically important 


3. (a) relative velocity; (b) kinematically important; (c) acceleration; (d) 2 
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LESSON 23 
l(a) Veit VjtVeks(O)T 9 Wa) Wei + Vj + Vek's (b) Wi +, F tV, Kk 
3. (a) ox V; (b) @xV (c) @xV+@x(@xV) 4. (a) F; (6) T 


. 


(c) coincident at the time of interest; (d) v4 ; (€) (i) Vp/ps (li) Vpyy 5 (@) Fs (6) T 


2 
a" ¥ py 
dt’ 


(c) a4; (d) (i) @xrpy +Ox(wxrp,); Gi) | | ; (iii) 20% Vp, 
/B 


LESSON 24 


1. [Pam oh. fo 3.F dv axis through G that is parallel to the a-axis 


y m 


5. (a) moment of inertia about the a-axis; (b) moment of inertia about the central a-axis 
(c) mass of the body; (d) distance between the a-axis and the central a-axis 

6. the integral of a sum equals the sum of the integrals 

LESSON 25 

1. (a) sum of external forces; (b) mass of the body; (c) acceleration of the mass center 
2. (a) moment of inertia about axis through G; (b) angular acceleration of body; 

(c) acceleration of mass center; (d) perpendicular distance from A to line of ma 

3. a point fixed in the body and fixedin space 4./a 5.3 


6. (a) inertia vector; (b) inertia couple; (c) mass center 7. T 


8. only the inertia vector acting at the mass center 9. only the inertia couple 
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LESSON 26 


6 
it -2,{a) [, C40; ) C(6, -@,)=C.AG 3 (a) Cad =10{ 2") =5.26N-m: 
1 


(b)—5.26Nm  4.—10(20) =— 200 N-m/s=— 200 W _ 5. (a) mass of the body; 
(b) velocity of mass center; (c) moment of inertia about G; (d) angular velocity of body 
6. it must be the instant center for velocities 

LESSON 27 

1. (a) work done by external forces; (b) work done by internal forces; 

(c) change in kinetic energy of the system 2. (a) workless; 

(b) capable of doing work; (c) capable of doing work; (d) workless 3. T 
LESSON 28 

1.T 2. (a) mass of the body; (b) velocity of the mass center; 

(c) moment of inertia about axis through G; (d) angular velocity of the body 3.T 
4.F 5.centerof percussion 6.(a)T;(b)T 7. (a) mass center; (b) fixed point 
8. F 

LESSON 29 

1. (a) impact; (b) a caret above a letter 

2. velocities of the two particles are the same after impact 3. impulsive 

4. (a) infinite; (b) negligible; (c) infinite; (d) do not change 5. T 


6. (1) free-body; (2) momentum; (3) momentum; (4) impulse-momentum 
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APPENDIX B: 


SOLUTIONS TO GUIDED PROBLEMS 


PROBLEM 2.1 
Given: x =1? —3t7 -S in. (x is positive to the right) 
(1) x,9= OT O=5 Siw. yx, = EB AHS = Ne, 


(4) (y= a 3t-6t wW/s 


Time when velocity is zero: Bh 26t=0  tsOmand Ga 2s 


ee: " 3 Zs 
x when velocity is zero: a Ee |,.,=(2)-3 (2)-5 =-Tm. | 


y 
(5) oe eae x (in.) 
-15 a -5 0 5 10 15) 


Total distance traveled= 479411 = Z4# lw. Ans. 


PROBLEM 2.2 


Given x=103.9t in. and y= -16.1t? +60¢ in. 
Part(a) v,= w= 103.9 m./S Ans. Vy = a= —32.2t +60 w./5_ Ans. 


Part(b) v,|_,= _ 103-3 me, |S »,| = 60 m/s 


Vo = J 607 4103.97 = 120 u/s Ans, 


- GO ° 
G= tan 163.4 ~ 30 Ans. 
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Part (c) Ar = 0 =i 32021 SHIeO 


ie {.863 S 
60 URS tation b 
lol 3h 51k ak agen 
Seodlier te NS OCU oe eee 
Part (d) 
eee 
PROBLEM 3.1 
Part (a) Assume block remains at rest 
lod 
FBD BF, = 0: rn N—l0we 30 _4 Pee ve een ger 


> jit 
Ric 30° - 5,0 
Oe ‘i pPr.=0; 2 10 e+ 30 -E <0 gives F,= 
F 


max =HN=(0r3 (8,066 )=_2-60-Lr 


Is F, < Fingy YES or (0)? 


Block does not remain at rest 
N—-/0 cre 36 z =9 


Oe ete a 
loll gives fees 8.666 LE 
FBD 10 Fe =p, N= (0.15)(8.066) = 1.360 LE 
y % 
= . A ea » 200 hee 10 
Ss Fy a 1 re il RA Re, 
: \w gives a= 1.91 ft/s? ne 


140 


Part (b) Block sliding up the plane. 


= N—focee 30° = 
LF, = 0: Ta =0 


MAD 
FBD Ba F=pN = (0.15 (8.666) = |. 300 LL 
y co) 
F = ogee lO dine 30 + 1,300 Bae, 
Ss aq ke DH NG ee a 
30° > 
N gives a — 20.3 ## hs Ans. 
PROBLEM 3.2 1.5/9. ai)= 14.72.N 
(1) MAD 
2tN 
(pies e 
0. i 
(ime = 0; | — 14,72 =0 gives Np Sle TZUN 


LF, = ma: + —2+ —0.3(t4.42) ihe DQ 


2 
~1.333t —2.944 m/s* 4 


gives a= 


fadt = 0.6674 —2.944¢ +C, m/s 


3) v= ; 
x(t) = Sarat == 6,220 =aot F COPS Pic payee 


(4) (i)atr=0,v=6™/5 (ii) atr=0,x= O 


(Hgwvee C220 (aie C= 6 mis al 
The values areC; = © C= 6 m/s 
(5) w= SNe le 2,944 t+6 m/s Ans. 
3 2 
Ryo Cee —1.472t + 6t Me Ans. 
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PROBLEM 4.1 


y 
(1) i me ma. 
ae 
FBD MAD 
(2) IF,=ma: + OF Mex gives 0 oS 
LF, = may: +] ee ee gives a= oe 

@) Ges 22 Teeth 

me wee 

2 

x= GPs Cx wei i Cope Cy 
(4) 1.t=0,x= © jee OS 

VO we IC 4.t=0,y=_O 

Solve for the constants: 

2. Gre Cy =0 


3. ove. C, = 50 m/s 


The values are: C, = 56 ™/s - C, = O °C3= O eas S. 


OY Oe 50 m/s WH 7 gt 
z 
x= SOT ™ y= £ 


(6) Time of flight: 


cst @ terme whew 4=-400 ™ 
a 
2 chal = -400 +4,=49.030s 


t11= 4.03 S Ans, 


(7) Horizontal distance: 
d= tnwher t =9,0365 
50 (4.030) = 451.5 me 


d= 452 m Ans. 


]\NYNere-nmy-nfr-Vx-eg-e—- eke wXy ky Wny-W7nVW3n ny we He Ke ee ew ew ee sax 
jwjerrrwrrnr-rxxfxeere eee ei ee ew eo ss es ee eo —-\| <= 


PROBLEM 5.1 ¢5 


2 
Part (a) v(j= ae = [Zt —loms 


(V)=35= (2 (3)"— ila 78.0 om/S Ans. 
Part(b) (4,);=3;= wR = (98.0).,/15 = 640. 3 m /5* 


a= = 24t m/s* (gy, = 24/3)= 72.0 m/s? 


(a)=3;= V (640.3) 4 7240 ~ = 644/374 1. 


Part (c) (6),_5,= a/R = 98.0/15 = 6.53 aad/s Ans. 


Gee ee /k = 7256 15 = 4.80 read /5* Ans. | 


PROBLEM 5.2 

eye) vdv=|a, ds = {(-ks+8)ds Ones 2 ay = 10 f4/s 
v - #8°4.85 toll Gi) S=6#, wr=-4 4/s 
2 2. 


(c) Evaluate k and C}. 


2 Zz 
(i) gives: (10) /2 awe: C, = 56 (oN 
z _— 
(i1) gives: ane. = RIG) + 8&(6) +50 Ae = 5.60 Ge 
z Z 


2 = 
(d) v°(s) = -55 + 1/65 + !00 ft/s 


Q) fre = 554 6 at S20 G% =8 fels* The result is a,= 8 f4/3* 
e 5 

(3) Qy= tae Gy oS | 172 8? =/5 ft/s The resultisa,= /9 ft/s 

(4) 2 = Am = fot / is = 6.67 4t p= 6 E74E ans, 
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PROBLEM 5.3 
(a) Ox =o Qereleratine ov nrerticel 


PROBLEM 6.1 


(a) R=0.4¢t> om p= 47/8 And 
R= 0.8t ™/s j= 3/3 rra/s 
R= 0.8 m/s* 6=6t/8 roa/s” 
(b) Rl aos = 0,4(2) = L.60m A ae= 2°/8 = |.0s0e (57.3°) 


Ring = 0,8 (2) = 1.60m/s 6.25= 3(2) /a= LSOded/s 


Bs re, 
Ro = 0.8 m/s” 6), = 6(2)/a = |. 50 aa/s 


Part (a) 
ve=R= 1.60 m/s vp =RO=_1.60(I. 50) = 2.40 m/s 


v= | (L6)*4 (2.40)? = 2. 88 m/s The result is v= 2.88 m/s Ans. 


(a) velocity vector (b) acceleration vector 
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Part (b) r 


ay = RB+ 286 = 1.60 (1,50) + 2(1nb0)C 1.50) = 7.200m/5° 


pee 
= oe + (2.20) = 77 aea is) Me resultistg =e m/5~ Ans. 


PROBLEM 7.1 


(1) W=m4=0.75(4.8)=7.358 Ng = V/R= (3/08 = I.25:0m/s* 


ma, = 0:75( 11.25) =8, 438 N ae TOG LEN 
f 
60+ Ox 
aL ae) 
(2) \ 

a ae 4 
ae »30' 

%. 

MAD N 

TS56iN 3” q 


(3) Number of unknowns: 2; number of indep. equations. of motion: 2 
(4) 


EF, =may: \t R+ 7.358 coa30° = 8.438 ZAC AR 


gives R = 


= * ts e — c 
LF, may. oe —7.358 Ln 30 i Onl.) Qt gives apa te om |S Ans. 


Is the speed increasing or decreasing? docrerring 
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PROBLEM 7.2 


S000 (4.8) N 
e ’ 
(1) ae The direction of the acceleration is_ Ve+teeL 
x 
P 
2 ap =RO+2R6 = 6500 (0,003) + 2 (56.3) (0.02) 
i att 


which gives ag= 2/-75 m/s’. 
a= Jere 60° = 2175 / cen 60° 


which gives a= 43-5 m/s’, 


Sooo (4.8/) M 5000 (43.50) 


(3) Equation of motion: 
ZF, = mq 
os i (43,50) 
tf P- sas Die 5000( 43,5 
P= 267XIoN 
pr 
MAD P= 267 RN ans, 
FBD 
PROBLEM 8.1 


(1) Why does N not do work? Ut Leo abwnyo Petpendicuber te te path 


Weight W: U, 3 =-Wy= -3(9.80D(1,5) =— 44.15 Nem 
40-N applied force: U,_, = Fd = 40 Cor 30°(|.5) = 51.96 Netm 


Spring force F,: Lo =1.75m l4= 2 m Lg= v( Zr + (1.5) =2.50 m 


6,= 2-115 = 0.25 mm bp = _2.50-h75= 0.75 m 


U sg =-5 0} -03) =~ 4 (24) (075% 0,25+) = — 6.00 Nome 
a 


! { 
Qt = Olena Og = (3) a =). 505° 


G3) Un-g=Tg-Ta 44.15 + 51.96—6.00 = LSA 


UW, = 1.10 m/s vp = 1.10 
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PROBLEM 8.2 
(1) Why does N not do work? “4 ze Rerpendreubay to ite path 


Weight W: U,_)=-Wh= -16.1 (20+ A)am30°= —/6/ -8.050 Lf 


Kinetic friction force F;: 


N=1G6.) cve 30° = 13.94% LL ae 0.5(13,94) = 6.970 


U\_) =—F,d = — (6.970) (20 + A) = —]39.4— 6.970 A Lb-: ft 


Spring force Fy: 6,=_ O Oils 


Us. =-5k03 -6?) =~ (100) (A*—0) = - 50.8 Lh-f 


6,1 2 
Q) T= 2m = 4 (sez )G0 S.224:0, Left... sii ENO 


(3) GO, 3 =i6 = Tj - 
-ji6f = 905 0.— 137-4 —6 WOAI—SOA = O7 32420 


504 +/4.94A -23.6 =0 
LS OS S3ife = 9.553 ft Ans 


PROBLEM 9.1 
(1) (Vg) = Wy, =_O and (Vz). = Wy = 0-8 (4.81) (0.4) = 3./39 T 


(2) b.=—= 0.8 (9.81) /3ee = 0,026/6 wm 


6, =6,+04m= 002616 FO4= 04262 


» (300) (0.4262) = 27.15 TF 


=~ 
=~ 
— 
II 
=~ 
, 
II 
Vv) 


I 
3 [300)(0. 62616) OmhO2 a 


(V,), = 5 83 = 
| au 2 


tox 
3)T,= O and h=4™%= 
neat 


(4) V, ) +V, ) oe Mos V, ) +, 
OF 27.25 +0 _ 3.139 + 0.1029 40.4 Wy 


which gives: v2 = 7715 ™/S Ans. 
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PROBLEM 10.1 


> = 
Question 1: Answer: nikorr P And W are 


toe uw mo Meeelestune 


Question 2: Answer: 


3 3 
(a) ie — Os _ Nz 
ba yrs pec 
} l (Peer 
3 pea 
RS i (<=) — 13,4 (ae = Shek P>= 3/.8 RW ans, 
4 , . o- 45 2 
(b) (i) Percent increase in speed = “ns «* 100 Vo 33-5 % Ans. 


3]. —13.4 
ew x100 Jp /37 % Ans 


(ii) Percent increase in required power = 


PROBLEM 11.1 W= 200 (7, 8/) N 
; F (+) 
(1) FBD of crate aS 
oe ” 15° g 
t 
(2) Normal force R: (L\.2),= © 700-N force: (L\.2)x = 700(7) = 4900 Nes 


Weight: (Ly),= ~200(4 81) aw IS°(9) =- 3555 NeS 
PO): (112), = Oe = 150 (2) + 3 [isd (2) ~F (150) (1) ~/50(2) = 75 NeS 
Ooi jae (er cccnee 


(4) (Li-2) = (Px)2 — (Px) 


+ 49003555 +475 = Doon, 


v2 = 7.10 m|s (Wp the plane) Ans. 
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PROBLEM 12.1 
(1) Answer: (4.)1.2=0 because Here La mo moment obvut the 2-ane 
ae ee eu ee ae 


Bons TOP VIEW 
vA —— 
/ } i 


A real. an 
W x 
(a) FBD (b) Momentum Diagram (c) Momentum Diagram 
(arbitrary time) (time 4) (time 4) 


2 
(2) (he) = frm iwi) = erat tw = Aon (2) (10) = HHO Nee Ss 


(3) (hz)2 = WM wy We = m (0.6) Ww = 0,.3260™MW, Nem-S 


(4) (Az)1-2 = (Az)a- (he) 
*) 0 =0.360 mW, — 14,40 m @,=_ 40 rtd /'5 Ans 


PROBLEM 13.1 
() vi= FS me/h 
(=) <’, - 
vp = 35 [(coa30°) C +(A-30°)} J= 30.310 +17.507 mi/h 
Ves =Ve~v4= (3031-45) +17,50f one/h 


The final result: vg/4 = —14.69 + i Som mt /h Ans. 
Qty) = lye dt=-Ito9t C4 17-S0tP + ty me/t 


o ou» > . 
Atl=0, req = Mo = F230 C+ LS om30 PF S299C OTE md 


=> 
rena (~1469t 41.2990 £17 50¢ 40.95) - mi Ans. 


PROBLEM 14.1 
(yL= ‘ts + (0.6° 4 4A ) 


ac 
(2) ab _o_ Up + 1 01G it 4a ) (24 Va ) 
at 


149 


L 
which gives: vg = __ ‘TA oh /\ 0-36+ 4, 


(3) vg (at y4 = 1.2 m) = ~ 1.2,(0.8)/ 10.36+(12)* =-0.716 20.016 mm/s ‘Ans. 


PROBLEM 15.1 


1 
(1) > Z s 
y . 50 
50(28) A ee “A 
N FBD MAD 


DF = may Xx 500-70(9.8!) a 30° = 700 gives q=2.238 mm /S 


20(4.80 N 


y 204 = 20(2.238)= 44.76 N 
j ad 
B Em B 


Fe 
730 bp 4 Zn" 


FBD MAD 
LF, = may: +| ~20(9.8!) + Ng = 44.76 Aim 30° gives Ng= 218.6N 
LFy= ma, ae Fa = 44,76 Coa 30° gives Fg = 38.76 N 


Using Fg = “Nez (motion impends), solve for y: 


Wik Fe /Ne = 33.76/218.¢ = 0.17) u= 0-177 ANS, 


PROBLEM 16.1 
(1) (a) Work done by weight of block C: (U;.2ea = Wh= 128.8 (0.8)= (03.0 Lb ft 
(b) Work done by the spring. 


The spring deformations are: 6, = 2 $= and Ope 2.8 jt 


Cone = -— #63 _92) = 2 (200) (2.8"— 2") = —384 bb ft 
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(c) Work done by the friction force. 
322 UW 


LF = may: 
b va +| __Na—322 =O gives N, = 322 LL 


Fy= 005 (322) = 161Lb 


(Ui2)ea=-Fid= ~ 161 (0.8) 3 —-128,8 L-4ét 


] 
Q) 7, oe + mclve)? 
S228 
eee) )+ eres Z ® ) (10%) = = 700 bb. }t 


] ] 


T=. (10 ar), + = (4) (ax)? = 7 (2), 


(4) (U, 2ext + (U, Dnt = aoe bs 
a 
(rea. etic I2 FP) 4 0 = 1(%z)> —700 
(Yo 6.44 ft/s Ans. 


PROBLEM 16.2 
Wa 


W, Mp (ary \ 2 MB (ara)o 
B oe —_} 


pi kak fa 


FBD of system Momentum diagram 
(arbitrary position) (time f>) 


(1y=(2)- 322A 
Na 


(3) unknowns: Lone. cand ( UpB)o 


(4 ep) se D2)2 7 Mey 
oO Lime (05), iia Pe 
(Wp).= man (MB), = (455), (v4), = 0. 6 (vp) Eq. (1) 
(5) (a) 6, = Li- aoe (02-Gm, 6, = Ly—Lo= lI-l0= lm. 


(Uy2)=-5 (83-8 aie 3 (50)| (-#)"-(.0)" yj] = 375° Ib-ft= 3125 Ibn. 


(Cio=- : oma (M) 2 += me(B) >, 


(b) 7, =_O 


151 


(Qi) =o 1 


, 4O 
S/n2 = z 


sie 


z 24 ae 
(Wal, +3 2.7 (Ma), 
Q 
0. 6211(Va\y + 0.3727 (Va), = 314.25 Ba, (2) 
©) 09,6211 [o.6(ar); |] + 0:3727(am), = 31-25" 


= / 
(a), = 7-239 ft/s (vplo> 0.6(7.23) = 344° 
(v4)2 = 4,34 ftls and (va)? s/f 24 ft Is en 


PROBLEM 16.3 Azmow = 2(0,4)(40)= 12 ky +m /S 
74, 74 
Wa E 
(1-2) ap Rr - bs 
2k : rad/s 
g Wp oes Sees ~ 
3 kgat oN oe , 
g 
eam. ta ze ee Se AES 


Momentum Diagram 
(time t,) 


B: pwirw = 3(0.3)(%0) = 6] kam /5 


(3) (Az)1-2 = (Az)o~ (hz) 


ts log (0.4)(t.-0) = [ 8 (0.3) + 72(0.4)|-O 


i= 
PROBLEM 17.1 
oe: Wa oma (Ma) 
-(2 ——— 
(1) @) ete ae mp, (Ng)2. 
aioe 
NA 
Fig. 1 FBDs of A and B Fig. 2 Momentum diagrams Fig. 3 Momentum diagrams 
during impact for A and B before impact for A and B after impact 
(Use symbols not numbers) (Use symbols not numbers) 
(3) (Li-2) = (Px)2 — @x)i 
Oc [ ma(My), + omg (Ve), | — ime (We) 
20 2 
we anes fay ——. (500) — 2500 
0 “pues aye be HeeaN. ne ) 
Cameel 322.2 ¢ 
O = 20 (stp) 5 Heirs 6 ioe (vin = [245 IS ans, 


PROBLEM 17.2 Wa 


A my (0.62) - 
(1)-(2) 
Oy ; 0.6 m ; 0.6 m 0.6m 
nore End O O 
Xx 
0.9m 0.9m 0.9 m 
= Avy 
C p p B me ( ay 
Bees. Se 
We Wp (™ Bt ome (0.9 Ww, ) 
Fig. 1 FBDs during impact 


Fig. 2 Momentum diagrams Fig. 3 Momentum diagrams 


before impact after impact 


(3) (Ao) 1-2 = (ho)2 - (ho) 
D0 = L(ma4 me) (0.9W2)] 0.9 +[7m(0.6W2) 0.6} — me (We), (064) 


o=((.s0+ 0.075) (0.9) W. + 0.95 (0.6) W, — (0.075) (150)(0.9) 


O= 1.2758 W, + 0.2700 42— 10. /25~ 


(> = 6.55 04/5 Ans. 


ath 
pre 10 (arp) 2, 
Fig. 1 FBD's during impact Fig. 2 Momentum diagram Fig. 3 Momentum diagram 
(forces acting in xy-plane only) before impact after impact 


(3) (Li-2) = @x)2 — Pv) a A 
Jo zs rr 
au o=[e lun, +5 (%), )— [4 29)— e (10)] 
O = 5(mp\. + 10(Vp). — 1S0+!06 


._, (Na), + 2(Ve), = 
Impulse-momentum equation is: (WA) vA 10 Eq. (1) 


v (ve). ~(V ala 
(4) es 0.5 = ——_ 


Vago 40 


i —({Va)>, = 
Coefficient of restitution equation 1s: (1g) ( aye 20 Eq. (2) 


15S 


ie 6) : (p)p = 10 — 21) & Oe (Un), = (Wg), — se 
» 10-20%). = (Ve), -20 ew (Vg), = lopels 


(nrg), = 10-210) =—-10 ft/s 
(v4)2 = lo ft/s < and (vg)2 = Jo ft/s —= Ans. 


PROBLEM 19.1 
(1) Atr=0,0=-2004 2. Atr=0,@=34/s 3, Att=1.0s,0= —4 ad 


2) o= fade JS (2d +2k) dt = Ht + 2kt + Cy orrdls 


= foodr= [(4e 42nt + Ci)dt = greet +Cit > (ee, itd 


3) \auice Co=-2imd 2, yevee C, = Bara/s 
3, deems, —4Hal+R4+3-2 Gree ka-6 s/s” 
xX 212 474 me Lis i247*+2(-d)= jot s 12 ana/s~ 


2 Q 
= 12(2) -12 > 36 ntt/s 


PROBLEM 19.2 
(1) vp = 0.3(2)=0.6 m/s (2) Hoy mut At dryal 


(3) vp = _Ové m/s * (4) w4= np /0.4 = 0.6/0.4 =). 5 7ud/s J 


(5) ve = 0.2 Wy= 0.21.5) > 0.3mls Dixie 


(Vay Sa ea a 


(7) (ap), = 0-3[6)= Bemis” P(g) (ap, =_b Bam/s 


{.8 2 
(9) a4 _(ap/o.4 Sra 4.5 ed/5 5 (10) ac= 0.2(4.5) = 0.9 m/s* # Ans. 
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PROBLEM 20.1 


(1) @ te neleuty 16 devon (ii) Wo melority re haryontal 


Solution I (using scalar notation) 


(2) bee as Yo a V4/0 
Penne F699 2 Cle ee aie 
\—_ | _— ww | 
Garry Saat tiR ish | 
| L SW | 
ea a 2 eee | 
+ 
—> 6 = 3BW- 1-5W= }].5 Ww 
—> 
WY And /s D GS ie Rg tad) sod ns! 


Solution II (using vector notation) 


Q)ve= 60 Pls vo~ awit fels w= -wh mals ryo= 5 FE 
OXF yo = (-wk )x(-1sy)s-1sut fs 


mak Sani gigee ee eis 


-> 
Co U peal s jf ube aad /'s Ans. 


PROBLEM 20.2 

(1) (i)_Ahey are fipod. pornts (ii) Ciel Centred at A 
(iii) Cyath Centenrd ot D 

Solution I (using scalar notation) 


(2) 


Eq. (a): t+ 0 = -0.8 Wep + 0-6 Wp. Coa 45° 


Eq. (b): +[ - 27 = OP 0.€ Wep Riw 45° 
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Solve Eqs. (a) and (b): 
(b) yore! Wyo = 2,4 /o.6 am yst= 5.657 1/5 (Cow) 


(2) 
Oo 
0.6 Wee cra4S? 0-6(5.657) 4045 _ 3 gy rahe (CCW) 


@oprrea Wep = 0.8 0.8 
Mpc = 5,66 Aed/s COW Zin= 3,00 wads CCW Ans. 


Solution II (using vector notation) 
= S 


=> > 
(2) @yy= 4k 74/8 swe = Wace R aels ; = Werk Md/s 


a ee ( y o> IRS yes 
p= 0.64 ™ sa Pag 0,6} ™ Tipe O.6(-am 45 C -CHe4S 4} 


Eq. (a): @ 4g X Vp74 = Mcp X Yop + gc X Vac 
> ~> — > > ae 
-4bx060 = (Werk X 0.8} \ + We k x (=0.4243 ¢ — 0.4243; ) 


a —~ ~» —» 
-2.4F 5-08 Wepl + Wec(-0.4243 5 + 0.42430 ) 
Count $5 / 72.45 -0.4243 We, Wac> 5,657 pad /s 


Cpu $5: O02 —-08Uep +5657 (0.4243) — Wey = 3,00 rad/s 


=> = 
Mpc= 5,668 tdls wop= 300k dad/s Ans, 


PROBLEM 21.1 


(vo = 100(6) = 600 mm/s 


(b) v,= 1oof2 (6)= 849 mm/s 


(C) vg = 200(6) =/200 mm |S 


(d) vp = 10042 (6)= 844 mm/s 


(c) ve = ¥50"+ too" (6)= 671 aa /s 
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PROBLEM 21.2 
(1) ve = rwg = 0.6( 4) = 2,4m/s (up or down); (2) ve = rwacp = 0.8 Wen (left or right) 


Up 2.4 
(3) (4) OO ee eee ee =5.657 Aad/s ) 
BO 0.6 wr 45 


VW = (0.6Am 45°) We. = 0.624% 45°(5.657) 


A = 2.4 m/s 
B We Ke hh 
Bo ele faene c 4 3.00 tra/s 5 
8 wpc= P.6bed/s COW: acy = 3.00ded/S CCW Ans. 
PROBLEM 22.1 
Solution I (using scalar notation) 
(2) a = Ora + B/C 
0.8(3) = 7,20 
0.6(4) = 4.60 
A 0.6 0.BAcp | C 
B 0.8 
Os 4 rad/s Gas 
®cp= 3 rad/s . 0.6(5.66)° = 1922. 


Hhe@eeelrii2mi dt 4.224 suse pb ip Coeats? 
ABC= 15,06 sad/s* 


+, 29,60 =-0.8 Kop $1922 CO FE 4 0.6 ge Ow 45” 


Sebatititing X8e = 15,06 Auk acting gree 


Acp= 36.97 And/5~ 


dep= 37.0 Atals* COW apc= 15.06 red/S* Cow Ans. 


Solution II (using vector notation) 


> <P —P 
Q)o p= tk AAlS se = 566k pois ;acp= 3% Ata/s 


O4p= O05 ge =_ABCK tad/s* say = Xen k tea/s™ 


rig Se > ans 
Toy OGL ON 5 top = CCP 3 ty =~ OF243 i — 0.42493) . ry 
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7 7 ia ve on — 2 
© 4% (@ 4gX¥p4)= -4-k x (-44 xO.6i)= -+k x(-2,44) =~9.600 m/s 
Q 4gXVp4 =O 
ve “ > 
@cp* (@cp* Kop) = 3k x (32 x 0.8} )= ey) x (22751) =- 7.20} mm/s> 


i > > 2 


=> 
4 ve C—0,4243} ] 
5. cob x (-0.4243 0 —9, ¢ 
O p-X\O pH Xr - 66k x [ > —) 2 
rs ( ‘t: ac)= 506k Xx €2.402) + 2.4020) = (2570 F 13-544 rm /|s 


a 
rere =e k K (-0.42430 —0,4243} )= ~0.4243X gc } + 0,4243 XB & an /s> 


@ 43% (@ 4px Tea) +O 4p lp74 =Mcp*X (@¢px Fan alice Kop + ® pcx (@ pcx Peg) bagex rec 


: —> => Fs - 
~4,60T +0 = ~7.20f -0.8 Xen + (13,59 C+ 13,594) -0,4243Ape) + 0.4243 Colse 
Cavete T's “= F.60= —0,8 der + 135.59 0.4243 ac (1) 


b 5° Os 7,201 181 325 9 014209 lige (2) 


13,5%-7,20 


Corsation (2) yvie ABe= muddtinn © Oa d iae 
Sue titte mb E,. (1): 


= G46 = 0.8 dcp 4 ise 0.42 43(15.96) 


Geta Aep= 36,97 tayq/s_ 


> ee ~> 
Osc= 15,062 Ara |'s acp= 37.08 peas Ans. 


PROBLEM 23.1 
(1) The velocity of point A in the position shown is 15.32 ft/s, directed to the left. 


Solution I (using scalar notation) 


(2) Vp = Vv 


A 

(vp), [ eae ga | 
{15.32 fils 

ge | 

(Vp)x UL —________, 
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> (p), = -15.32 + 10 Cea 40° — S cya 50° = — 10,87 Vac 
f (m), = O- 10am 40°— Sax 50° = — 10.25 ft/s 


~> we 


Solution II (using vector notation) 


(2) Using vector notation, write each of the terms of the relative velocity equation 
Vp =V4tVpyat Y pap 
Wipes Salud tate ft/s 
w= -28 refs ; Fp 4= F0asoe + 5aw5o¢ = 3.240 +3830) ft 
V pq =OXE pr 4 = 28 x (3.214 C + 3.830) ) = —6.426y + 7. 6600 pels 
Vp thse ea Soe eee ¢—3,8307 pels 
Substitute the above terms into the relative velocity equation and compute v>. 


vp= (-15.320 )+(—6.42a; + 76000 ) + (-3.21 i ~3,830 7) 
= erorey c —10,2e7 frls 


ad ae 
Vie DOS = 10 26 Se Ans: 


PROBLEM 23.2 
(1) The acceleration of point A in the position shown is 48.69 ft/s*, directed to the right. 


Solution I (using scalar notation) 


(2) 


ap = a, 4- 
a-a--- 5 pan --- 
(oy 48.69 | 3(5) 
(ap) eae 
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+ (Op), = 48.69 -/5 Coa 40° —20 Ca 50°- 10 Coa 80°20 ora 40" = 2.59 ft/s 


2 
+] (2p) no sta teoen 40° 29010 50° ~ [0 awe S04 20 pinto? = —0, 4BY ft/s 


ap =2.57¢6 ~ 0-484} ft/s ans 


Solution II (using vector notation) 


(2) Using vector notation, write each of the terms of the relative acceleration equation 
Ap =Ayt apy, t Appt ac. 
a,= 4869 ft/s* 
= awe ata/s pes wea/s* riy = 3,246 +3, 330; ft 
Apyg = OX(OX Kp 4)+aXIp, 4 
amp 2b x[-2k x (3.214 2 43.9307 J] + 3k x (3.214 (43,830) ) 
= -2h x(-6.428y 47.G00C ) + (9.642j—IL4490C) 


= 1 P56 CIS. 320f + VCIF — GIDE 


= aie (is 
=D 5 oe Oy ft |s 


> md z 
a p/4B = — [0 (va 50° ie —1lo (am SOS —~6.428C—7.660} ftls 


\\ 


a 20.9 21-28 x(-SceaSo 0 —SarSo°y )]= 12,86} —15.32c ft/s” 


Substitute the above terms into the relative acceleration equation and compute ap. 


ap= 48.690 4-24,35¢—s,6787 ) 
+ (-6 423 ¢ — 7. Goo; ) + (12,807 — is,32 7) 


Gp = 2,590 —0.478 5 Se 


od 
ap = 2548 — 0.4761 ft/s Ans 


PROBLEM 24.1 2 
Fs Gyiew, Wee re) 
(1) BarAB7,= Tz = 322 | 12 /= 9703 682 obs. 2% d= 2.5f¢ 


0.6 2 
I, =1,+md?= 0.03882 + > (2.5) = 0, 1553 ple. pe~ 
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Bar BC I,= O 


d= St 


I, =1,+md7= 


i . 32.2 = 0. G21! bug. pe” 
= or 
Bar CD [= ML -—. 


ie > ao: (4) = oe ft" ve )s%2*=/29 4t 
. 02070 + 5 3 (24) = 0. 47/0 plus. je 


(2) (I, )assembly = 2U,) = O. S53 + 0.6214 0.4710 = 1.247 lug ft” 


(1,.)assembiy = 2 47 slug ft ™ Ans. 


PROBLEM 25.1 


I, =I, +md?= 


(1) a= 10 re Ho"= 7.600 4e 
bea oe tO SS TIS 


C= Sain 4o° = 3.2)4 


MAD 
(2) Number of unknowns on FBD is_2 . Number of unknowns on MAD is! 


Total number of unknowns is 4. Total number of indep. eqns. of motion is 3 . 


(3) LF. =ma, 
ar. B= Zu © = 12.88 ft/s* 


XM 4 )epp = (M4) man 


G@ 20 (3.630) — Ng (7.660) + 8(2.5) = = (12.88) (3.214) 


Ng = 9.254 A 
LF, = ma, 


+f NatNg-20z0 Na =20-Ng=20—-%254= 10.7460 LL 


Ny= 10.2544 1 Ny=_9.25U¢ a= 12.88pt/s" —> 
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PROBLEM 25.2 
8.64 Nim 


(1) 


FBD 


Qa mR*=6(1.2)"= 8. 64 Ag, con 
ma, = mre” = 6 (129(3) = 64+. 80 N ma, = mra = 6(1.2)d= 7.2% N 


(3) Number of unknowns on FBD is_2 . NumberofunknownsonMADis |. 


Total number of unknowns is_4 . Total number of indep. eqns. of motionis 3 . 


(4) (Mo )rpp 2(Mo) map 


GF 6(9.8)) (1.2 xe 30°) = 8,64 of +7.22 (1.2) = 3.540 para/s> 

LF =ma,, 

wt Oy. 6 (4.81) ani 30° = GY. BO Om = 94.23 N 

LF, = ma, 

+f Og + 6(4.81) coe 30° = 7.2(3,546) O,=-25.48N 
Ro=\(a 4,23) + (- 25,48) = 1726N 


a= 3.54 And/s* 2 > Ro= 97.6 N Ans. 
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PROBLEM 25.3 


(1) FBD 
B 
4 ft 
G 
30 LL 4 ft 
A 
Na 
(2) a=ac= a 4+ ae 
ane Yd 
4 ft 
“of 
o=0 
Qa + 4 ol 


The kinematic relationship between ag and a is ag = 
2 B* 2. 
fz 30 poste 25 ; 


OT aE sae 
(4) Number of unknowns on FBD is_! . Number of unknowns on MAD is 2 . 


Total number of unknowns is > . Total number of indep. eqns. of motion is 3 . 


6) IMeela 


a 6 (4) = 4.9694 ol si4) 8300-2 loon 


LF, = ma, 
20 30 : 
+ 6= 327 (Gq +4) = 32.2 [an + 4(4.830)] ,=-/2.88 f¢/s 
LF, =a, 
= Nar solr 
+f Na — 3070 a 
a= 4.83eedls* 2. a,= 12.8848 <— .y,= 30oLbt Ans 
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PROBLEM 26.1 
(1) (a) Couple C Clockwise angle turned through (in radians): A@ = 277 Aad 
(U2) = 2 (= 7, S40 U- ft 
(b) Weight of A Distance moved by Wy: d4 = a (27) & Saco ft (up or down?) 
O2)y, ee 8(5,236) =—4),90 Db ft 
(c) Weight of B Distance moved by Wg: dz = < (zr) = 3,/42 ft (up or down?) 
(Ur2)y, = 8(242)= 25. 4 Lb pe 


(2) Ur») sory = S40 — 490 4.25.14 = 9,22 U4 Ans. 


PROBLEM 26.2 
(1) 


E (instant center for 4B) 


Body AB extended 


ve=VZ Reye Weyh 
= [2"(0.6)(4) = 3,394 fels 
Dimensions in feet 
4 rad/s OAB Ve / BE 
1.697 Aisle 
se = 3,394/2.400 = )/-414 
\ pee prod /S 
[po Va= BA Wag 
eee | 
0 | = (697+ 0.6)(1-414) 
oe = 3,248 fels 


(2) Cylinder 4 
z MMR 2. 3 US aco cs 


1 aq 
Tey, = 5 Foy = 4 (0,2012)(4) = |, Glo Lb- fe 


Bar AB a 1.62 P af 
ic mm 8A £2 6) 4 —— [9.470) = oliug. fA? 
[pal +md* = 72 +ond SS 322 12. 4 32,2 ( 170) be VS? " fz 
el 
2. 


é 


] 
T: =p, , = 


; (1.237) (L414) = 1.237 Left 
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Block A 
T= 5 m,v2 = + (=2)6. 248) = 0, 3276 Ur fe 


(3) Tyoeat = Toi t Tap Ty = 1G10 +1237 10,3276 398.17 Dif 
Trotat = B.1TLE: fo Ans. 


PROBLEM 27.1 
(1) Work done by the spring Io = 350™™m 


L,; = 500mm 6) = L, — Lp = $00 — 350 = 150 mm 
Ly = 500-500 Cra GO°= 250 mm 02 = Ly —- Lp = 250-350 = —-/00 mm 
(O-ring =—5 (03-07) = ~ 4 (808)[(-0.39— (0.15)") = 5:00 norm 


(2) Work done by Ws Ah = 250—2S0 am 60°= 33.49 mm 


(U,_»)y =-WAh = — 10(9.8))( 0.033 49) = — 3,285 Num 


3)7T,= 0 Instant center for the bar in position 2 is at point B_ 
a 
2 9p 5 fale +m(3) = rs sant ae 0.8333 kg-m* 


iB =r 0 = = + (0, 8333) oe = 0,4/67 pis 


2 
(4) Oe Jae + Fad x T; = I, 
yu 
5.00 = 55285 = 0 41672 Oo @> = 2,03 744/5 Ans. 


WwW, = 203 Atd/S 


PROBLEM 23.1 
(1) v= 0.3()= 1.2 m/s 
mv = 30(1.t)= 36MS 600 mm 


(2) ho = Iw = 6(4)= 24 Nims 
(4) ho = 244 36(6.3) = 34.8 Noms 


( p,= 24 36 (0.9) = — 8.4 Noms 


hc= 34.8 News DL Ay,=8.4 ms J Ans. 
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PROBLEM 28.2 


(1) (ii) For the drum: /@ = I2(18) = 216 Me ft°s 


70° 
For block B: mv= Sa (1.5) (18) = 58.70 wes 
wW ’ 


iy |B i: 
58.70 4-S 


(i) FBD of system (ii) Initial momentum diagram (iii) Final momentum diagram 
during motion for system (ft = 0) for system (t = 10 s) 


(2) (Al)g = (he); -(Ac), 


& [70(1.5)—o0.2w(z)] (Jo) = o- [216 + 58,70(1.5)| 
1050 -4W =-30 4.05 
W = 336, 50L W= 339LL Ans. 
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PROBLEM 29.1 


A 
Dy 
AN 
( l ) B D, 
G 
Ng 0.39.81) N 
(Use carets to indicate impulsive forces) 
(2) 


a ay 
Ax is Ne 


(i) FBD of system during impact showing only impulsive forces 


(ii) For the bullet: mv, = 0.3({250)= 75.N'S 


D 
A 600 300 B 


GC 
ISN’S 
60° 


(ii) Momentum diagram for system immediately before impact 


(iii) For the bullet: mv, = 0,3 (0.6 W,)= 0.18 Wy 
a 


2 
2 0, = 
For AB: J _ mb a) = 0, 3375 Repeat my= 5 (0.450)) = 2.25 we 
2 2.25 Ww, 
0.18 Wr 
0.3375 w, B 


450 | 
600 es 300 


(iii) Momentum diagram for system immediately after impact 
(3) (Al), < (h, ) = (A, ) 
A) O =[o. 3375 Wz + 2.25 W2 (0.45) + 0.18 wa(0.6)\—75 ain 60° (0.6) 


Solug mote W,= 26,7 tadhs n= 26.1085 Ans. 
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